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ABSTRACT 
Characterising the Structural Integrity of Mechanical Formed Low Carbon 
Steel 
NGEA NJOUME VICTOR 
Faculty of Engineering, the Built Environment and Information Technology 
Nelson Mandela Metropolitan University 
P O BOX 77000, Port Elizabeth, South Africa 
Dissertation: Magister Technologiae: Engineering: Mechanical 
November 2011 
The contribution of the clamping force in the technique used in this study to 
stretch-bend low carbon steel samples was investigated to support the 
subsequent changes in the microstructure and properties of the formed 
material with regard to parent material. Although plastic deformation by cold 
working is known to induce texture or preferred orientation to the grains of a 
formed material while decreasing its ductility and increasing the strength, as 
well as inducing residual stress, it is not known how the different directions 
(rolling, transverse and oblique/45°) of the sheet steel will respond to this 
stretch bending technique. The first part of the research work involved a 
thorough literature review on sheet metal forming processes and their effect 
on the formed material with interest on the above mentioned directions of the 
sheet. 
It became clear from the literature overview that cold working of a material will 
induce strain-hardening which varies with the magnitude of cold work, 
resulting in changes in the strength and ductility of the material. Besides, 
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when plastic deformation is not uniform (e.g., tensile and compressive) 
throughout the entire cross section of the formed part, residual stresses 
remain in the material with the grains been elongated along the direction of 
the maximum strain. 
The main parameters that were considered and controlled in this study are as 
follows: 
 strain experienced / stress induced into the form sample, 
 the sample direction, 
 the stroke length and the clamping torque, 
 the generated radius of curvature. 
The chapters that follow the literature review, deal with the set-up of the 
different equipment used in this study, the specimen preparation as well as 
the recording, the calculation and interpretation of the results. 
It was found that the stress magnitude that generated the different radii of 
curvature (120 mm, 150 mm and 185 mm) was between 1% & 13% higher 
than the parent material’s yield strength with the lower stress been associated 
to the smaller radius of curvature and the higher stress to the higher radius. 
The stress induced into the sample during forming was not only proportional 
to the stroke length but also to the distance between the punch’s tip and the 
sample and the sample to the die’s nadir. The clamping torque adopted was 
restricted to the manual capacity of the operator who used a preset torque 
wrench to fasten the plate sample into the jig. 
Plate samples of low carbon steel were cut to angles of 0°, 45°, and 90° to the 
rolling direction of the sheet material and stretch-bent on a single-action 
mechanical press to 120 mm, 150 mm, and 185 mm radii of curvature. The 
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preliminary results indicate that stretch-bent samples had increased hardness 
to the parent plate, in particular below the surface layers up to around 1.1 mm 
depth. Since there is a well established relationship between hardness, yield 
and tensile strengths for steel, the yield and tensile strengths of the formed 
material were estimated using the Nobre et al [34] incremental relation, which 
relates the linearity between relative increments of hardness and yield 
strength. Changes were not noticeable at the microstructural level of the 
formed samples. Meanwhile, samples from which higher plastic deformation 
stress values were calculated were not those absorbing higher impact energy 
when Charpy specimen cut from plate and stretch-bent samples were tested. 
The maximum relieved residual stress in the parent material was 
predominantly compressive and represents in magnitude approximately 12% 
(average for the three directions) of its original yield strength. In the stretch-
bent samples, the relieved residual stress was compressive in the outer 
curved section with a magnitude about 50% of the parent material yield 
strength and tensile in the inner curved section with a magnitude 
approximately 25% of the parent material yield strength.  
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GLOSSARY OF TERMS 
A 
Alloying element – an element added to and remaining in a metal that 
changes structure and properties 
Alloy steel – steel containing significant quantities of alloying elements (other 
than carbon and the commonly accepted amounts of manganese, silicon, 
sulphur and phosphorous) added to effect changes in the mechanical or 
physical properties 
Annealing – heating to and holding at a suitable temperature followed by 
cooling at a suitable rate 
Anisotropy – having different properties in different directions 
Apex – refers to the top most position of the bend 
As manufactured / As-received – pertains to the sheet metal plate in its 
manufactured form 
B 
Bending stress – if a beam is subjected to a bending moment the fibres in 
the upper part are extended and these in the lower part compressed. Tensile 
and compressive stresses are thereby induced which vary from zero at the 
neutral axis of the beam to a maximum at the outer fibres. These stresses are 
called bending stresses 
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C 
Carbide – a compound of carbon with one or more metallic elements 
Cycle count – is the number of complete cycles a fatigue specimen 
undergoes prior to failure 
D 
Dislocation – a linear imperfection in a crystalline array of atoms 
Dual phase steel – High Strength Low Alloy (HSLA) steel having a matrix 
comprising of martensite and ferrite 
E 
Electron Beam – a stream of electrons in an electron-optical system 
Electron microscopy – the study of materials by means of an electron 
microscope 
Etchant – a chemical solution used to etch a metal to reveal structural details 
Etching – subjecting the surface of a metal to preferential chemical attack to 
reveal structural details for metallographic examination 
F 
Fatigue – a phenomenon which results in the sudden fracture of a component 
after a period of cyclic loading in the elastic regime 
Fatigue life – is the number of load cycles a component can withstand prior 
to failure 
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Fatigue limit – refers to the fatigue testing of non-ferrous materials which do 
not show finite life conditions 
Fatigue Performance – see fatigue life 
Fatigue strength – the maximum stress that can be sustained for a specified 
number of cycles without failure 
Ferrite – a generally solid solution of one or more elements in body centred 
cubic iron. In plain carbon steels, the interstitial solid solution of carbon in 
alpha -iron 
Final polishing – a polishing process in which the primary objective is to 
produce a final surface suitable for microscopic examinations 
Flow curve – a diagrammatic representation of data with two measurable 
parameters, each indicated on mutual perpendicular axis 
Forming – refers to a manufacturing process whereby sheet metal plate is 
shaped by means of stamping press. 
Fracture – is the loss of structural integrity through crack propagation 
Fracture stress – this is the stress magnitude at fracture of a component 
Full stress relief – this is the maximum relieved stress obtained, usually 
associated with residual stress assessment conditions 
G 
Grain – an individual crystal in a polycrystalline metal or alloy, including 
twinned regions or sub-grains if present  
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Grain boundary – an interface separating two grains at which the orientation 
of the lattice changes from that of one grain to that of the other. When the 
orientation change is very small the boundary is sometimes referred to as a 
sub-boundary structure 
Grain growth – an increase in the grain size of a metal usually as a result of 
heating at an elevated temperature 
Grain size – a measure of the areas or volumes of grains in a poly crystalline 
metal or alloy, usually expressed as an average when the individual sizes are 
fairly uniform. Grain size is reported in terms of number of grains per unit 
areas or volume, average diameter, or as a number derived from area 
measurements 
Granular Fracture – an irregular surface produced when metal fractures. 
This fracture is characterised by a rough, grain like appearance. It can be sub 
classified into trans-granular and inter-granular forms 
Grinding – removing material from a workpiece using a grinding wheel or 
abrasive belt 
H 
Hardness – is a term used for describing the resistance of a material to 
plastic deformation under the action of an indenter 
Hardenability – the relative ability of a ferrous alloy to harden under cold 
working conditions 
             GLOSSARRY OF TERMS   
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Hardening – increasing hardness by suitable treatment, usually by cold 
working 
Homogenous – a chemical composition and physical state of any physical 
small portion are the same as those of any other portion 
Hot working – deformation under conditions that result in re-crystallization 
I 
Impurities – undesirable elements or compounds in a material 
Inclusion count – determination of the number, kind, size, and distribution of 
non-metallic matrix 
Inclusions – particles of foreign material in a metallic matrix 
Isothermal transformation – change in phase which occurs in a metal or 
alloy at constant temperature after cooling or heating through the equilibrium 
temperature 
Isotropic – having similar mechanical and micro-structural properties in all 
directions 
Intergranular – within or across crystals or grains. Same as transcrystalline 
and transgranular 
L 
Linear drilling evaluation method – a drilling method whose incremental 
feed rate is of equal amount 
             GLOSSARRY OF TERMS   
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Line heating distribution – this refers to the heating pattern (line spacing 
and sequence) that will be followed over a specified length of material  
Lamination – an abnormal structure resulting in a separation or weakness 
aligned generally parallel to the worked surface of the metal 
Longitudinal axis – the direction parallel to the direction of maximum 
elongation in a worked material 
Longitudinal direction – see longitudinal axis 
Longitudinal plane – is a plane that is normal to the longitudinal axis 
M 
Macrograph – a graphic reproduction of a prepared surface of a specimen at 
a magnification not exceeding 25x 
Macrostructure – the structure of metals as revealed by macroscopic 
examination of the etched surface of a polished specimen 
Magnification – is a ratio of the length of a line in the image plane to the 
length of a line on the imaged material 
Martensite – a metastable phase in steel formed by a transformation of 
austenite. It is an interstitial supersaturated solid solution of carbon in iron 
having a body-centred tetragonal lattice. Its microstructure is characterised by 
an acicular pattern 
Martensitic – a plate like constituent having an appearance and a 
mechanism of formation similar to that of martensite 
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Maximum shear strain – a stress of this nature is said to exist on a section of 
a body of on opposite faces of the section equal and opposite parallel forces 
exist 
Maximum bending strain – a cylindrical shaft is said to be subject to pure 
torsion when the torsion is caused by a couple, applied to that axis of the 
couple that coincides with the axis of the shaft. The state of stress, at any 
point in the cross-section of the rod is one of pure shear, and the strain is 
such that one cross-section of the shaft moves relative to the other 
Mean stress – refers to a pre-strained loading condition 
Mechanical properties – the properties of a material that reveal its elastic 
and inelastic behaviour where force is applied thereby indicating its suitability 
for mechanical applications 
Microcrack – a crack in microscopic proportions 
Micrograph – a graphic reproduction of the prepared surface of a specimen 
at a magnification greater than 25x 
Microstructure – the structure of a prepared surface of a metal as revealed 
by a microscope at a magnification exceeding 25x 
N 
Necking – is thinning of a material which has been subject to strain levels 
beyond its tensile strength  
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Non-uniform plasticity – refers to a steel component subjected to strain 
levels beyond the tensile strength for that particular steel material, usually 
associated with necking 
Non-uniform stress field – is where the stress along any particular plane are 
unequal in magnitude 
O 
Orientation (crystal) – arrangements in space of the axes of the lattice of a 
crystal with respect to a chosen reference or co-ordinate system 
Orientated plane – see angle of inclination 
Ovality – slightly out of round shape having a major and minor axis 
P 
Pearlite – a micro constituent of steel and cast iron comprising an intimate 
mechanical mixture of ferrite and cementite (iron carbide). It is produced at 
the eutectoid by the simultaneous formation of ferrite and cementite from 
austenite, and normally consists of alternate plates or lamellae of these two 
constituents 
Phase – a physically homogenous and distinct portion of a material system 
Pitting - localised corrosion of a metal surface that is confined to a small area 
and takes the form of small cavities 
Plastic deformation – deformation that remains or will remain permanent 
after release of the stress that caused it 
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Plasticity – the capacity of a metal to deform non elastically without rupturing 
Polished surface – a surface that reflects a large proportion of the incident 
light in a specular manner 
Polynomial drilling evaluation method – a drilling method whose 
incremental feed rate increases consecutively 
Principal strains – the maximum and minimum direct strains in a material, 
subjected to complex stress are called principal strains. These strains act in 
the directions of the principal stresses. 
Principal Stresses – at any point within a stressed material it will be found 
that there exist three mutually perpendicular planes on each of which the 
resultant stress is a normal stress (i.e. no shear stresses occur on these 
planes). These mutually perpendicular planes are called principal planes, and 
the resultant normal stresses are called principal stresses. 
Pure bending conditions – the bending of a material under unconstrained 
conditions 
Q 
Quantitative – identification of relative amounts making up a sample 
R 
Ra – arithmetic mean deviation of the profile 
Recrystallisation – stage in the annealing process of cold worked metals 
above 0.4 – 0.5Tm, in which deformed crystals are replaced by a new 
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generation of crystals, which begin to grow at certain points in the deformed 
metal and eventually absorb the deformed crystals. The new crystals have 
more equal axis and contain far fewer dislocations than the deformed ones 
Relieved – allowing for freedom of movement or relaxation 
Residual stress – are stresses inherent in a component prior to service 
loading conditions or the stress present in a body that is free of external 
forces or thermal gradients 
Restrained – hold back movement in any direction 
Rolling – reducing the cross sectional area of metal stock, or otherwise 
shaping metal products, through the use of rotating rolls 
Rolling direction – refers to the direction in which the billet was rolled during 
sheet metal place manufacture 
S 
Scanning Electron Microscope – an electron microscope in which the 
image is formed by a beam operating in synchronism with an electron probe 
scanning the object 
Shear Bands – bands in which deformation has been concentrated 
inhomogenously in sheets that extend across regional groups of grains 
Sheet Metal Forming – refers to forming 
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Slip – plastic deformation by irreversible shear displacement of one part of a 
crystal relative to another in a definite crystallographic direction and usually on 
a specific crystallographic plane 
Slip band – a group of parallel slip lines so closely spaced as to appear as a 
single line when observed under an optical microscope 
Spacers – this is shim stock, plate or epoxy type solutions cast into a mould 
of specific sizes to raise a component or member to a specific height 
Spring back – is the elastic recovery after a component has undergone 
plastic deformation 
Springback load – is the load required to return the material to its original pre 
strained condition 
Springback angle – is the angle between the springback position to the 
original pre-strained position in a pure bend plate component 
Strain – strain is a measure of the deformation of a body acted upon by 
external forces and can be expressed as a change in dimension per unit if 
original dimension or in the case of shear as a change in angle between two 
initially perpendicular planes 
Strain Amplifier – the ratio of the voltage supplied to the voltage delivered by 
the Wheatstone bridge as a result of the unbalance caused by a change of 
strain gauge resistance is equivalent to the strain and is amplified into a 
suitable voltage or current which can be fed into an analogue or digital 
indicator or graphic recorder 
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Strain rosettes – a combination of three strain gauges set along three axes, 
usually at 45o or 60o, with each other – used to determine strain at a point of a 
surface when the strain directions are unknown 
Stress – load applied to a piece of material tends to cause deformation which 
is resisted by internal forces set up within the materials which are referred to 
as stresses. The intensity of the stress is estimated as the force acting on unit 
area of cross section, namely as Newton per square metres or Pascal’s 
Stress amplitude – refers to a stress loading magnitude above and /or below 
a particular mean stress level 
Stress ratio – is the ratio of minimum to maximum stress levels usually 
associated with fatigue testing conditions 
Stress raisers – changes in contour or discontinuities in the structure that 
cause local increases in stress 
Stress relieving – heating to a suitable temperature, holding long enough to 
reduce residual stresses, then cooling slowly enough to minimise the 
development of new residual stresses 
Striation –the appearance of faint ridges or furrows, linear markings 
Stringer – a microstructural configuration of alloy constituents or foreign non-
metallic material lined up in the direction of working 
Sub-surface – a location just beneath the surface of the component 
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T 
Tempering – in heat treatment, reheating hardened steel to some 
temperature below the eutectoid temperature to decrease hardness and or 
increase toughness 
Transformation temperature – the temperature at which phase changes 
occur during the heating of iron and steels 
Transmission Electron Microscope (TEM) – a microscope in which the 
image-forming rays pass through the specimen being observed 
Transverse direction – refers to the perpendicular direction in which the billet 
was rolled during sheet metal plate manufacture 
U 
Uniform stress field – is where the stress along any particular plane is of 
equal magnitude 
Uniform plasticity – refers to a condition of a component when subjected to 
plastic deformation between its yield and tensile strength positions 
V 
Venting – refers to a stamping operation producing holes of specific form in a 
sheet metal component 
Vickers hardness test – a common method of determining the hardness of 
metals by indenting them with a diamond pyramid under a specified load and 
measuring the size of impressions produced 
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Void – a defect lowering material strength by concentrating stress 
W 
Widmanstätten structure – a mesh like distribution of a precipitating phase 
in a solid state transformation which occurs along preferred crystal planes. 
Usually produced by rapid cooling and when the transforming phase has a 
large grain size. 
Work hardening – the increase in strength and hardness produced by plastic 
deformation of metals at temperatures below about 0.5Tm that results from 
increasing numbers of dislocations and their entanglement and is 
accompanied by reduction in ductility 
Y 
Yield point – the stress at which substantial amount of plastic deformation 
takes place under constant or reduced load. The sudden yielding is a 
characteristic of iron and annealed steels 
Yield stress – the stress at the onset of plastic deformation determined from 
the yield point or from defined amount of plastic strain called the proof strain 
Young’s Modulus – it is the ratio (E) of the tensile stress to the tensile strain 
in a linear elastic material at loads less than the elastic limit of the material 
Z 
Zero Mean stress – pertains to the fatigue testing of a component under zero 
pre – strain conditions 
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CHAPTER 1:   INTRODUCTION 
1.1 INTRODUCTION 
Physical and chemical processes applied to alter the geometry, properties 
and/or appearance of a given raw material to make parts or products are 
referred to as processing operations [1]. Three categories of processing 
operations are distinguished: shaping operations, properties-enhancing 
operations and surface processing operations [1]. Shaping operations can 
further be classified according to the stress conditions (tensile, compressive, 
bending, shearing, or various combinations of these stress conditions) which 
effect change in the geometry of the part being formed, product types (bulk or 
sheet material) and the working temperature (i.e., the temperature of a 
material at the time it is being processed with respect to its melting 
temperature or the temperature at which the material recrystallizes, e.g., cold, 
warm or hot working) [2, 3, 4].  
Sheet metal forming is a plastic deformation process, carried out by 
introducing predominantly normal stresses to the thickness plane of the sheet 
resulting in little if any change in its thickness [2, 5]. Sheet materials subjected 
to forming operations are usually thin (up to 6 mm) and characterized by their 
high surface-area to volume or thickness ratio [1, 2, 5]. The main sheet 
material forming processes are: bending, drawing, stretching, ironing, or 
various combinations of these modes of deformation [2, 5].     
Stretch forming is a sheet metal forming operation in which the sheet is 
simultaneously stretched and bent [1, 2]. Two different techniques are used: 
the form block method and the mating die method [6, 7]. On the mating die 
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method also called stretch-draw forming, the workpiece is gripped between 
jaws and stretch-bend between a die set (punch and female die) having the 
desired form/shape. The workpiece (sheet material) experiences an impact 
load by the stroke of the ram inducing normal stresses to the thickness plane 
of the sheet. Because metals, when deformed by the application of a load, 
part of the resulting deformation is elastic, some recovery (springback) takes 
place resulting in the workpiece being plastically deformed (i.e. permanent 
set) [1, 2].  
Plastic deformation is likely to produce modifications to the material properties 
such as strength, ductility and hardness [5, 8]. Effects of stretch bending on 
formed samples will be investigated during this research project. To qualify 
the overall analysis under predetermined conditions, the term structural 
integrity will be used. Structural integrity being the study and comparison of 
the structural and mechanical property changes relative to the parent material 
induced by the forming process.   
Advantages of the stretch forming process include: 
Relatively little springback [9, 10,11]; 
Low residual stresses [11]; 
Regions of compression do not buckle during forming [9,11]; 
Virtual elimination of wrinkles in the formed part [11]; 
Low die cost / high productivity [9,11]; 
The process can be least sensitive to material and machine property 
variations [10].    
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1.2 DEVELOPMENT THROUGH TIME 
Metalworking predates history, it is not known with certainty where and when 
it commenced [1, 12]. Some of these processes such as casting, hammering 
(forging), and grinding date back 7000 years or more [1], but the procedures 
were largely based on manual work [13]. Metalworking began its change from 
art to science late during the 15th century with some applied research work on 
the mechanics of materials [14].  
Machine tool technology began during the industrial revolution period 1760-
1850 in which machine tools were developed for material removal purposes, 
such as boring, turning, drilling, milling, shaping, and planning [1]. The mid- to 
late 1800s witnessed the expansion of railroads, steam-powered ships, and 
other machines [1, 13]. The foregoing was the result of changes in 
manufacturing and metal forming. 
Around the turn of the 20th century, development of machine tools technology 
was further aided by the introduction of electric circuits allowing a fair degree 
of sophistication [5]. The second half of the 20th century marks the beginning 
of computer and electronic technologies which were then incorporated in the 
new machine tools. The use of computers for metal products design resulted 
in complex and high quality products [15, 16]. Since, it became possible to 
perform computational control, planning and management of tasks and obtain 
reproducible metal parts at low cost [5, 17]. The trend in sheet forming 
technology is: increase the (strength/mass) ratio of sheet components for 
light-weight construction and improved manufacturing accuracy and 
productivity [18]. Among the consequences of this new trend, the 
development of new methods of producing sheet products, namely: hydro-
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forming, electro-hydraulic forming, electro-magnetic forming, explosive 
forming, magnetic pulse forming, and laser forming [12]. 
1.3 RESEARCH PROJECT OBJECTIVE 
This research project will quantify, analyse and compare the structure and 
mechanical properties of stretch-bent low carbon sheet samples, cut to angles 
of 0°, 45°, and 90° to the rolling direction of the sheet, to 120 mm, 150 mm, 
and 185 mm radii of curvature. The parent and formed material will be 
characterised through microstructural evaluation, microhardness profiling, 
tensile testing, Charpy impact test and residual stress measurements. 
1.4 SUB-OBJECTIVES 
Sub-objective 1: 
Selection of a material presenting a significant interest for research, widely 
used for industrial applications, combining good- ductility, drawability, and 
stretchability, from the same batch, and having known processed operations.  
Sub-objective 2: 
Selection of suitable material for the die set to prevent material (workpiece 
and tools) degradation which could lead to curvature deviation and workpiece 
failure during forming. 
Sub-objective 3: 
Cut plate samples of 200 × 50 × 4 mm to angles of 0°, 45°, and 90° to the 
rolling direction of the sheet material as shown in Figure 1.1.  
Specimen (microstructural and microhardness, tensile, Charpy impact and 
residual stresses) taken from these plate samples will allow referencing the 
related properties of the “as-received” material. Specimen preparation, testing 
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procedure and results interpretation will be carried out as prescribed in ASTM 
standards (e.g., for tensile testing the ASTM E8-01 and ASTM E646-00).  
 
Figure 1. 1: Illustration showing planes from which plate samples were cut from the sheet 
Sub-objective 4: 
Establish the adequate press set-up for each radius of curvature by 
conducting bending trials and conduct a macro-inspection on the formed 
samples for example, verify the intended radius of curvature, check wrinkling, 
punch marks, stretch marks, etc. 
Sub-objective 5: 
Measure the strain experienced by the samples during the forming process by 
attaching strain gauges to 3 out of the 15 samples from each direction to be 
stretch-bent to a given radius of curvature using high strain rate recording 
equipment. Bend strain gauged prepared samples while clamped and 
unclamped (pure bending) to evaluate the effect of the clamping force on the 
stretch bending technique used in this study. 
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Sub-objective 6: 
From the recorded strain values, determine the stress experienced by the 
samples during the forming operations and to compare these to the yield or 
tensile strengths of the parent material. 
Sub-objective 7: 
Stretch-bend (i.e., bend while being clamped) fifteen samples from each 
direction e.g., 0°, 45°, or 90° to 120 mm, 150 mm, and 185 mm radii of 
curvature. Use the same stroke length on the press to form similar samples 
but in the unclamped condition to similar radii of curvature. 
Sub-objective 8: 
Conduct similar tests as was done to the parent material (see Sub-objective 
3) on specimen cut from the stretch-bent samples, with exception of the 
tensile test. 
Sub-objective 9: 
Compare results from the stretch-bent samples to different radii of curvature 
relative to their direction. Evaluate and analyse the dissimilarities between the 
measured properties, before and after forming to qualify the influence of the 
forming processes.  
1.5 PROBLEM STATEMENT 
Although sheet materials have been successfully formed over the centuries, 
the study of a material’s behaviour with respect to the manufacturing process 
and amount of deformation is very important for optimum utilization of the 
material.  The intended application will be supported through quantification of 
various material properties.  During the forming operation a situation may 
arise where the maximum load corresponds to the weakest direction i.e. 
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transverse to rolling direction.  As a result, many challenges in understanding 
how the material properties alter due to directionality of the sheet during the 
manufacturing process is considered important. 
This research work will quantify mechanical properties in low carbon sheet 
steel samples, which were stretch-bent to 120 mm, 150 mm, and 185 mm 
radius of curvature and compare the response of three different orientations 
(0°, 45°, and 90°)  of the sheet material to the stretch bending process.  
1.6 HYPOTHESIS 
Three different orientations of a sheet material will be considered for this 
research work, conceding the existence of initial anisotropy on the hot-rolled 
sheet steel that will be used. Stretch forming as a cold working process will 
definitely affect the microstructure and the mechanical properties such as 
strength, ductility, hardness and the residual stress state of the material. 
Therefore, it is intended to see how these properties, already different through 
the different orientations of the sheet material will vary due to the stretch 
bending process. Considering the three different radii of curvatures formed for 
this project, it is expected that variations in the properties investigated will 
occur.  
1.7 LITERATURE REVIEW 
Leonardo da Vinci (1452-1519) did not write books, but left many texts and 
sketches related to science and technology. In one of his texts, he studied the 
strength of iron wire, by filling a bucket with sand attached to it. The strength 
of the wire could then be determined by measuring the weight of the bucket 
when the wire broke. Galileo Galilee was the first scholar in history who 
              CHAPTER 1  INTRODUCTION 
~ 8 ~ 
 
studied bending of beams. In his book “Two New Science”, he treated various 
problems related to mechanics, including the strength of a stone beam by 
means of simple tension. He defined the force that caused a bar to break as 
the “absolute resistance to fracture” and found the bending moment at which 
the root of the beam failed. In 1678, Robert Hooke published the book “Of 
Spring”, showing that the degree of elongation of a spring is proportional to 
the applied load for various cases [14]. 
In 1784, Coulomb [14] submitted a paper to the French Academy of Sciences, 
showing the results of a torsion test on iron wire. He estimated the elastic 
shear modulus from the cycle of torsional vibration, and measured the 
recovered angle after twisting. In 1864, Tresca presented his yield criterion. 
He assumed that plastic yield occurs when a critical value of the shear stress 
is reached [14, 22]. In 1913, von Mises proposed a yield criterion which is 
expressed by equation (1.1): 
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where σ1, σ2, and σ3 are the principal stresses and σ0 is the equivalent uniaxial yield 
stress.  
This criterion gives better predictions of failure for most polycrystalline metals 
than Tresca, as he considered the influence of the average principal stress 
[14, 22]. However, both the Tresca and von Mises criteria considered 
materials to be isotropic.  In 1885, Bauschinger found that by reversing the 
direction of straining after yielding has occurred, the stress-strain path that is 
followed differs from the initial monotonic one. Therefore yielding on unloading 
generally occurs prior to the stress reaching the yield strength for monotonic 
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compression. This early yielding behaviour is called the Bauschinger effect 
[14].  
The so-called Bauschinger effect was later found to be an anisotropic plastic 
behaviour of a material [23]. In 1948, Hill presented a modification of the von 
Mises criterion to accommodate for the anisotropy of a material. Hill’s 
anisotropy yield criterion is based on observations on a macroscopic scale 
and not on the crystallographic texture of a material [22, 24]. The quadratic Hill 
yield criterion under a plane stress condition is given by equation (1.2): 
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where σ1 and σ2 are the principal stresses assumed to be aligned with the axes of 
anisotropy, σ1 in the rolling direction and σ2 perpendicular to the rolling direction; r0 
and r90 are the Lankford coefficients which can be determined experimentally during 
tensile test; σx is the nominal yield strength with respect to the axis of anisotropy (x). 
Different yield criteria are now used for sheet metal forming applications with 
the most used been: the quadratic Hill yield criterion, Gotoh’s bi-quadratic 
yield criterion, Logan and Hosford’s yield criterion, and the Hill’s '90 yield 
criterion. The decision of using any criterion depends on the adequacy 
between the number of parameters to be identified and of the available 
experimental data [25]. Materials’ anisotropy influences forming processes 
differently [21]. To characterize the anisotropy of a material, the most common 
experimental test used is the uniaxial tensile test performed along the 
directions at, 0°, 45° and 90° to the rolling direction [25]. In stretch forming 
processes, the common selecting rule for the anisotropic properties is when R 
> 1, R being the planar anisotropy coefficient [21].  
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1.8 RESEARCH PROJECT DELIMITATIONS 
 Plate samples of 200 × 50 × 4 mm, cut along directions, of 0°, 45°, and 90° to 
the rolling direction of the sheet will be stretch-bent to 120 mm, 150 mm, and 
185 mm radii of curvature using an eccentric single-action press. The 
stretching of the sample being formed will be produced by clamping the jaws 
of the jig into which they are tightened and bending will be generated by the 
stroke of the ram. 
 The strain experienced by the sample being formed will be recorded and used 
to calculate the stress induced into the material by the forming process, using 
the Holloman power curve relationship: 
   
n
K    [MPa]                    (1. 3) 
where ɛ-plastic strain, σ-plastic stress, K-strength coefficient, and n-strain-hardening 
exponent of the material (for a given direction). 
 The forming matrix (sample direction and radius of curvature) to be used in 
this research project is as shown in Table 1.1. 
Table 1. 1: Forming matrix (Code– sample direction and radius of curvature) 
Sample 
Codes 
Sample 
Direction / 
Radius of 
Curvature 
Sample 
Codes 
Sample 
Direction / 
Radius of 
Curvature 
Sample 
Codes 
Sample 
Direction / 
Radius of 
Curvature 
RD-FI (0°, 120 mm) RD-FII (0°, 150 mm) RD-FIII (0°, 185 mm) 
45°D-FI (45°, 120 mm) 45°D-FII (45°, 150 mm) 45°D-FIII (45°, 185 mm) 
TD-FI (90°, 120 mm) TD-FII (90°, 150 mm) TD-FIII (90°, 185 mm) 
Note: Sample codes; RD-FI - Rolling Direction (RD) Formed to 120 mm radius (FI) 
of curvature, II=2 for 150 mm (FII), and III=3 for 185 mm (FIII); TD-Transverse 
Direction and 45°D-45° Direction. 
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 Samples showing necking, wrinkling, thinning, fracture, or any other 
macroscopic defect after forming will not be considered for further 
investigations.  
 Error of ±5% to the expected value of the tooling radius, the sample will be 
considered as successfully bent. The effects of springback not being 
considered as critical in this research project.  
 Friction between the tools and the workpiece will be considered as having 
negligible effect on a successful forming operation.  
 Structural integrity will not match entirely its definition of safe design and 
assessment of components and structures under load. For the fact that 
only microstructure, microhardness, the strength and induced residual 
stresses will be evaluated in this research project.  
 Initial samples will be flat. Lubrication to reduce or avoid friction is not 
intended in this research project.  
 Every sample will be stretch-bent with one stroke of the ram to achieve a 
given radius of curvature.  
1.9 SIGNIFICANCE OF THE RESEARCH 
The commercial importance of sheet-metal forming is significant, considering 
the number of consumer and industrial products that include sheet metal parts 
[3]: automobiles and truck bodies, airplanes, railway cars, locomotives, farm 
and construction equipment, appliances, office furniture, and many more. The 
benefit of evaluating samples from the three different orientations of a sheet 
material will be revealed. Combining the influence of the sheet steel 
orientations with the amount of deformation induced (different radii of 
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curvature), the project could reveal that: a sheet material, not suitable in one 
direction (actually the longitudinal or main direction of a sample taken from the 
sheet with reference to its rolling direction) for a specific application can be 
appropriate by varying the angle at which this direction is considered and 
applying the stress that induces deformation normal to the transverse cross 
section of the sample for a corresponding level of deformation. Furthermore, it 
could be shown that the same material can be used for many purposes by just 
applying the forming load in the right direction and at the corresponding level.  
1.10 RESEARCH METHODOLOGY 
Stage 1: 
A thorough literature study will be conducted for the author to become familiar 
with the terminology used in different metal forming processes. Accent will be 
put on sheet metal forming, the effect of anisotropy on forming processes, 
how anisotropy is influenced by forming operations, and on the standards of 
material testing and reporting the results. 
Stage 2: 
Analyse and test in particular the microstructure, microhardness, tensile, 
Charpy impact, and residual stresses, and to reference these quantities to the 
as-received material. Samples cut along the directions, at 0°, 45°, and 90° to 
the rolling direction of the sheet will be considered. Specimen cut from these 
samples will be tested. One sample will be used to obtain microstructural and 
microhardness specimen, four samples for Charpy impact specimen, three 
samples for tensile specimen, and four samples for residual stress.  
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Stage 3: 
A set of bending trials will be carried out to familiarize the researcher with the 
press machine. During the bending trials, the stroke length of the ram, the die 
set design, the clamping torque of the jig and the strain experienced by the 
sample being formed will be investigated and established for each matrix. 
Stage 4: 
The stress due to the clamping action and that due to the stroke of the ram 
will be differentiated by bending some samples unclamped and analysing the 
difference. 
Stage 5: 
 Fifteen samples from each direction (0°, 45°, and 90°) will be stretch-bent to 
120, 150, and 185 mm radii of curvature. The same stroke length on the press 
will be used to form similar samples but in the unclamped condition to similar 
radii of curvature. 
Stage 6: 
Specimen taken from stretch-bent samples will be tested for microstructure, 
microhardness, Charpy impact, and residual stresses. One sample will be 
used to microstructural and microhardness specimen, four for samples for 
Charpy impact specimen, and four samples for residual stress measurements. 
Stage 7: 
Compare the quantified properties of the material before and after forming. 
Observe and analyse the dissimilarities of the properties due to forming, 
relative to the level of deformation and the direction of the sample.  
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Stage 8: 
Compare the results of all the stretch-bent samples (i.e., the properties of the 
specimen cut from the samples) to one another and to that the parent 
material. 
Stage 9: 
Write final dissertation. 
1.11 SUMMARY 
The assemblage of this dissertation will certainly bring some insight and 
background to the field of sheet metal forming, and in particular the function of 
axial loading on the bending of a steel sheet. The research may not contribute 
new knowledge on the influence of cold working in low carbon sheet steel, but 
as a single study, it emphasises the technique used to record the induced 
stresses into the material being formed and investigates the changes that 
have occurred in the material microstructure and properties. These properties 
are tested, quantified and analysed, with reference to the magnitude of 
stresses induced into the formed material by the stretch bending technique 
used in this study. The response of the different directions of the sheet 
considered in this study to the forming process will be highlighted. More 
details regarding plastic deformation by cold working and their effect on the 
material structure and properties of low carbon steel, relative to the direction 
of the sheet material and the level of forming will be discussed in Chapter 2.  
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CHAPTER 2:  LITERATURE REVIEW 
2.1  INTRODUCTION 
Forming and shaping operations designate all operations that induce shape 
change to a part by forces applied externally [2]. This group of material 
processing techniques is sometimes refer to as metalworking, in particular in 
earliest literature. When various tools and dies impact with the part being 
formed to effect change to its geometry, the forming process is referred to as 
a mechanical forming process [2]. Herein, metalworking encompasses all 
metal forming and cutting operations.  
Metalworking is one of mankind’s oldest operations, dating back more than 
7000 years [26]. Metalworking developed during the industrial revolution from 
the job-shop level to a most experience based industrial technology. It 
matured during two following phases of development. From approximately 
1920 to 1960, the theoretical and experimental studies of plastic bending were 
greatly stimulated by the wide applications of plastic forming of thin metal 
sheets in the fast developing industry of aeroplane manufacturing. And, 
between 1960 and the end of the 20th century, progress was made toward a 
beginning of a science based economically important modern industrial 
technology [27]. Over the past decade, the trend in metalworking is: the use of 
light materials with high strength (magnesium, titanium alloys, aluminium 
alloys, and high strength steels) to maintain the availability of resources and 
sustainability in mobility of these structures, the satisfaction of the demand for 
more productivity at lower cost, the greater precision of products, and the 
alignment of manufacturers with economical and ecological restrictions. 
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These tendencies have led a great number of innovative metalworking 
processes such as hydroforming, high energy rate forming (electromagnetic 
forming, explosive forming, and electrohydraulic forming), superplastic 
forming, laser forming, and incremental forming, to develop [27, 28]. To date, 
hundreds of processes are used for specific metalworking applications. 
However, for all their advantages, the more sophisticated deformation 
processes of today have not replaced the need for basic sheet metal forming 
processes carried out on press machines [7].  
2.2 OVERVIEW OF METALWORKING OPERATIONS 
Attempts to classify metalworking processes have attracted quite a number of 
researchers over the past 50 years, but has not yet led to a convincing 
solution, due to the number of parameters that one has to consider for any 
single forming process [2]. Using the stress type inducing shape change to 
the part, metalworking could be classified as: compressive forming (rolling, 
open die forming, closed die forming, indenting), combined tensile and 
compressive forming (drawing, deep drawing, flange forming, spinning, upset 
bulging), tensile forming (stretching, expanding, recessing), forming by 
bending (bending with linear tool motion and bending with rotary tool motion), 
and forming by shearing (joggling, twisting, punching/blanking, coining) [12]. A 
more specific approach is predominantly used, where metalworking are 
classified using the following key parameters:  
 the size and type of workpiece,  
 the working temperature, and  
 the type of operation or the forming stress(es) [2].  
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2.2.1 Bulk forming operations 
In bulk forming operations, the thickness, diameter, or other major dimension 
of the workpiece is substantially changed. Conversely, in sheet-metalworking 
processes, thickness change is incidental. To differentiate bulk to sheet 
forming processes, the surface area-to-volume ratio of the starting material is 
used as a tool. This ratio is small for bulk forming as compare to sheet 
forming [2, 26]. 
Most bulk forming operations are done in a hot or warm condition, although 
some operations are carried out at room temperature. The virgin material 
includes slabs, blooms, billets, plates, and bars.  The forming stress is usually 
compressive as shown in Figure 2.1, with the exception of (d) [1]. 
 
Figure 2. 1: Schematic illustration of the main bulk deformation processes (a) rolling, (b) 
forging, (c) extrusion, and (d) drawing
 [29]  
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Metalworking processes that fall under this category have the following 
distinguishing features: 
 The cross-section of the workpiece changes without volume changes [12], 
 The workpiece undergoes large plastic deformation, resulting in an 
appreciable change in shape or cross section [1]. 
2.2.2  Sheet-metal forming processes 
A sheet material is a product of bulk deformation process, namely rolling. 
Sheet metal is metal formed into thin and flat pieces [12]. Thicknesses can 
vary significantly, therefore extremely thin thicknesses are considered foil or 
leaf, and pieces thicker than 6 mm are considered as plate. Sheet metal parts 
are mostly cold worked. Due to a lower resistance to deformation of a heated 
material, some sheet parts, in particular high strength materials are warm or 
hot worked [7]. However, the different sheet metal forming processes can be 
divided into two groups: (1) cutting processes like shearing, blanking, 
punching, notching, piercing, etc; and (2) plastic deformation processes like 
bending, stretch forming, deep drawing, and various other forming processes 
[1].  
Sheet metal parts are obtained from piece-part production (i.e., lot-sizes less 
than 50) to mass production (i.e., quantities over 100000). A sheet metal part 
is generally considered as successfully formed if there is no intentional 
change in thickness and any large localized strain or fracture [11]. A number 
of attractive features are associated with the different production methods [7]: 
 high productivity,  
 highly efficient use of material,  
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 the ability to employ workers with relatively less basic skills,  
 good accuracy of dimension and surface finish, 
 Strain hardening acts to increase the strength: so, cheaper, weaker 
starting materials may be selected, or costly heat treatment of the finished 
product may be eliminated [26]. 
2.2.3 Temperature in metalworking 
This refers to the temperature of the part while it is being processed relative to 
its melting temperature (Tm) or the temperature at which the material 
recrystallizes (TA). Thus, a process can be qualified as hot, warm, or cold 
worked as shown in Figure 2.2 [2]. 
 
Figure 2. 2: Temperature ranges for different working modes 
[29]
 
The working temperature is an independent variable in sheet forming process; 
it is decided by the sheet metal worker. Warm or hot working is desired 
because less force and/or pressure is required to form the part. It is well 
known that as temperature increases, the Young’s Modulus, the strength 
coefficient and strain-hardening exponent decreases and ductility increases. 
Figure 2.3 is an illustration of how the strength and ductility of a medium-
carbon steel vary with the temperature.  
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Figure 2. 3: Effect of temperature on the strength and ductility of a medium-carbon steel 
[12] 
 
From a forming point of view, it was found important to indicate how the 
strain-hardening exponent (n) and the strength coefficient (K) of a material 
vary with temperature. This is illustrated in Figure 2.4. 
    
Figure 2. 4:  Illustration of how K and n change with increase in working temperature 
[29]
 
Beyond the contribution that some working temperatures may have over the 
forming process, any working temperature will invariably affect the final 
products’ properties [2]. It is well documented that any reasonably high 
melting point material will be strengthened by plastic deformation at ambient 
temperature. Meanwhile, when the forming process is carried out at high 
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temperature, strain-hardening will not occur. Instead, new grains are formed 
that are free of strain, resolving manufacturing problems such as residual 
stresses and post-treatment.  However, the working temperature must be 
designed efficiently for the part to avoid grain growth in the material, which is 
likely detrimental for the product [8].  
2.3 STRUCTURE AND MATERIAL PROPERTIES  
There is a reliance between the behaviour or properties of a metal and its 
structure [8]. In this context, structure or to be more specific, crystal structure 
refers to an orderly and equi spaced pattern of atoms in the material. The 
crystal structure for most common metals exist in at least one of three forms: 
 body-centered cubic (BCC), 
 face-centered cubic (FCC), and 
 hexagonal close-packed (HCP). 
In materials processing however, the term structure tends to be restricted to  
those characteristics of the material that are observed under an optical 
microscope and referred to as the microstructure. 
Broadly, three main categories of structure can be distinguished as follows [8]: 
 atomic structure, includes features such as the arrangement of atoms 
and the type of bonding between them, 
 microstructure, refers to grain size and shape and phase structure,  
 macrostructure, includes features such as shape and colour of materials. 
The term structure in this study will refer to the microstructure. However, 
those characteristics that are only observed at the atomic structure such as 
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the bonding of atoms will be mentioned when commenting on plastic 
deformation, as the phenomenon initiates at the crystal level of materials.  
2.3.1 Effect of deformation on the microstructure 
Optical microscopes are used to study the microstructure features [8]. 
According to literature, metallographic specimen taken from the “as-received” 
material, on both a longitudinal and transverse section are likely to reveal fine 
equiaxed grains under an optical microscope. The microstructure of low 
carbon steels consists mainly of ferrite and pearlite of which the volume 
fraction is approximately 85/15% respectively. Because the stresses induced 
through plastic deformation exceeds the materials’ yield strength, atoms 
distort and can either (1) break its bond producing a fracture, or (2) slide over 
one another [30]. When the latter occurs it is termed slip and this is primarily 
due to the propagation of dislocations through the crystal structure. It is from 
this movement of dislocations, or slip, in response to an applied shear stress 
that results in macroscopic plastic deformation [8]. 
Therefore, similar metallographic specimen now cut from stretch-bent 
samples and subjected to observation under optical microscope, may show 
elongated grains along the direction in which the formed sample has 
experienced the maximum strain (difference between the longitudinal and 
transverse section microstructure). It is stated that the gross plastic 
deformation of a polycrystalline specimen corresponds to the comparable 
distortion of the individual grains by means of slip [8]. It is however expected 
that different grains of a material having different original strength will deform 
proportionally, with softer grains elongating more than the harder. 
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2.3.2 Macrostructure and material properties 
Macrostructure refers to the characteristics of a material that are large enough 
to be observed with the bare eye; examples include colour, shape, or in the 
case of formed sheet parts wrinkling, localised thinning, breakage, etc [1]. 
Macrostructural analysis in this study is the investigation and measurement 
aiming to verify flatness and the dimensions of the original samples, as well 
as the radius of curvature, the wrinkling and stretching marks for stretch-bent 
samples. They will assist in evaluating the established forming parameters 
and to ensure that the stretch-bent samples been taken for micro- structural 
and hardness, Charpy impact, residual stress were successfully formed as 
described in section 1.8. 
2.3.2.1 Tensile properties 
Tensile properties are known to be important for design purposes. Because 
manufacturing is often considered as the materialization of design, these 
properties are necessary for successful forming operation [30]. They are yield 
and tensile strength, ductility, strain-hardening exponent, strength coefficient, 
and the so called Langford coefficient; all obtained from a tensile test. For 
sheet steels, these properties are likely dependent on the direction of the test 
specimen with reference to the rolling direction of the sheet [30].  
Because plastic deformation by cold forming induces strain hardening in the 
material, the tensile properties mentioned in the paragraph above will be 
modified in the stretch-bent samples [30]. The amount of change will be 
relative to the level of forming and the sample direction. Therefore, if similar 
specimen to those cut from the parent material could be obtained from the 
stretch-bent samples and tested in tension, the yield and tensile strength will 
             CHAPTER 2       LITERATURE REVIEW 
~ 24 ~ 
 
show an increase, but their ductility will decrease as the effect of stretch 
bending [30]. This variation of properties will however depend on the 
magnitude of stress induced into the formed sample as compared to its 
original yield strength and the sample’s direction. Attempts to predict how the 
yield and tensile strength vary with the amount of cold work are available in 
literature. Figure 2.5 shows the strength and ductility variation with the 
percentage of cold work [5]. The specific type of cold work (e.g., rolling, 
drawing, stretching, etc)  done is not however mentioned by the literature. 
 
Figure 2. 5: Strength and ductility variation with the amount of cold work 
[5]
 
This variation of yield and tensile strength happens together with the increase 
of the strength coefficient K, making the formed samples more resistant to 
further plastic deformation. In this study where samples are taken to angles of 
0°, 45° and 90° to the rolling direction of the sheet, samples from the direction 
with a high strength coefficient will exhibit a high initial resistance to plastic 
flow. Meantime, the ductility and strain-hardening exponent, n, decreases [29, 
30]. Figure 2.6 illustrates the variation of the tensile strength of steel with the 
level of forming relative to the direction of the specimen [31, 32]. 
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Figure 2.6: Uniaxial yield stress distribution of cold rolled steel sheet 
[32] 
 
2.3.2.2 Hardness  
It can be defined as the ability of a material to resist surface indentation or 
scratching, but more generally as the ability of a material to resist localised 
plastic deformation [8]. The hardness number of a material is relative to the 
testing technique used. Hence, the need for the technique to be specified. For 
the most commonly used hardness-testing techniques shown in Figure 2.7, 
the depth or size of the resulting indentation applied under controlled 
conditions of load and rate is measured, which in turn is related to a hardness 
number [8]. Accordingly, hardness-testing techniques are limited by a number 
of factors as follows: 
 the dimensions of the indentation, 
 the measurement limit of the testing technique, and 
 the duration of the test. 
Hardness tests are qualified as “micro-” when the applied load does not 
exceed 1 kg. Knoop and Vickers are referred to as microhardness-testing 
techniques.  
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Figure 2. 7: Summary of the main hardness-testing techniques
[8] 
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They are well suited for measuring the detailed mapping of the distribution of 
increase in strength due to cold work, based on the correlation between 
hardness and the strength of a material [33, 34]. In the case of this study 
where it might be very difficult to obtain tensile specimen from stretch-bent 
samples, due to the shape of these samples, microhardness is likely to be 
suitable to estimate the yield and tensile strength of the formed material. In 
literature, the yield strength of a material can be obtained from its Vickers 
hardness number as of equation (2.1):  
                                                        )(
6
1
HVy     [MPa]                              (2. 1) 
for an alloy with a high strain hardening coefficient, to equation (2.2): 
                                                     )(
4.3
1
HVy 
 
[MPa]                              (2. 2) 
for an alloy with a low strain hardening coefficient [33]. Therefore, it is clear 
that any correlation between hardness and yield strength must include the 
strain hardening coefficient (k). Cahoon et al [33] found the best correlation 
between experimental yield strength and hardness for both the aluminium and 
steel, equation (2.3). 
                                                         2)1.0)((
3
1  my HV
 
[MPa]                             (2. 3) 
where σy is the 0.2% offset yield strength, HV-Vickers hardness number in kg/mm
−2
, 
and m the Meyer’s hardness coefficient of the material which can be obtained from 
the strain hardening, n, as follows: 2 mn . 
However, ±12% error has been found when correlation is used [30, 33]. Due 
to the fact that linearity between relative increments of hardness and the yield 
strength is expected, the Nobre et al [34] incremental relation, equation (2. 4) 
will likely give a more reliable result. 
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where Δσy is the change in yield strength, ΔHV-the change in hardness, σy0-the 
original yield strength of the material, and HV0 its original hardness. 
A reasonable estimation of the ultimate tensile strength, σu, from the Vickers 
hardness number and strain-hardening exponent of a material was made by 
Tabor as shown in equation (2.5): 
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where HV and m are as described for equation (2. 3). 
2.3.2.3 Impact tests 
Since results obtained from impact tests are not readily expressed in terms of 
design requirements, these tests are mostly used for quality control or as a 
sorting tool to categorize steels for materials selection [30]. However, the 
temperature dependency of the impact energy absorbed at fracture, in 
particular by steels, has resulted in some tragic failures up until the middle of 
the 20th century. This has led impact tests to be used for determining the 
susceptibility of materials to transit from ductile to brittle [30].  
Charpy impact test is the most common of the impact tests, particularly in the 
United States [8]. A Charpy V-notch (CVN) specimen is forced to bend and 
fracture at high strain rate to the order of 103 /s [30]. This test allows recording 
the energy absorbed by a specimen upon fracturing and, when conducted at 
different temperature ranges, to determine the ductile-to-brittle transition 
temperature (DBTT) of the material if any. Another common feature of a 
material that could be revealed via the Charpy test is the nature of the 
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fracture. This is done from analysing the appearance of the failure surface. 
For ductile fracture, this surface appears fibrous or dull (or of shear 
character); conversely, totally brittle surfaces have a granular (shiny) texture 
(or cleavage character) [8].  
In literature, 40 J is the absorbed energy for a specimen having a 10 x 10 mm 
cross-section at which low-carbon steels transit from ductile to brittle. 
Because sub-sized specimen were used in this study, the absorbed energy 
will be expressed per unit cross-sectional area as it is done in most European 
countries [30].  
Low carbon steels are prone to increase their transition temperature due to 
cold work. This increase in transition temperature can be seen to decrease 
impact toughness which is enhanced with the amount of percentage cold work 
[30]. The specimen and notch orientation has been of great interest for 
research. It is stated that quite large differences can be expected for different 
specimen orientations at high energy levels, but the differences become much 
less at energy levels below 30 J [30]. 
2.3.2.4 Residual stresses 
They are the stresses existing in a part at rest, in equilibrium, at uniform 
temperature, and not subjected to external forces [31]. Thermal actions and 
plastic deformation by cold working are all sources of residual stresses in a 
metal part. Therefore, it was found important to measure these stresses in the 
plate and stretch-bent samples. Analysing the material at these two stages 
was intended to reference residual stress profile and magnitude in the parent 
material and to evaluate the effect of this stretch-bending technique on the 
material relative to residual stress. The hole-drilling strain gauge method 
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which is the most widely used practical technique for determining residual 
stresses will be used [35]. 
According to literature, compressive residual stresses may be present at the 
surface layers of the hot-rolled sheet steel and tensile stresses may be stored 
in the centre [19]. Non-uniform cooling of the sheet at the time it was 
processed and a phase transformation that is induced upon cooling may be 
the reason of these residual stresses [8]. Plastically deformed by cold 
working, the stretch-bent samples will be left with residual stress which profile 
and magnitude will likely be different from the original plate samples’ one. 
These stresses may be non-linear through the thickness of the formed 
sample. However, the surface layers of the tensile stressed region of the 
sample may mainly have compressive residual stresses, whereas the surface 
layers of the compressed region may have tensile residual stresses [31, 35]. 
Because the trend and magnitude of residual stresses vary with the working 
technique and the applied stress, it is important to analyse them for this study. 
2.4 ANISOTROPIC CHARACTERISTICS OF SHEET MATERIALS 
The dependence of a materials’ properties on the orientation is called 
anisotropy [30]. Two general types of anisotropy are found in metals: (1) 
crystallographic anisotropy, resulting from the preferred orientation of the 
grains and mostly produced by severe cold deformation, and (2) mechanical 
fibering which is due to the preferred alignment of structural discontinuities 
such as inclusions, voids, segregation, and second phases in the direction of 
working [8, 30]. Mechanical fibering is the principal cause of directionality on 
the properties of wrought-steel products, while crystallographic anisotropy is 
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most frequently found in non-ferrous metals, especially when they have been 
rolled into thinner parts [30]. Since it is expected that the hot rolled sheet steel 
considered for this study will reveal at least one of these two types of 
anisotropy, likely the mechanical fibering, three orientations of the sheet are 
considered, namely the rolling (0°), the 45°, and the transverse (90°) 
directions.  
2.4.1 Anisotropy and the mechanical properties of sheet metals 
It is frequently found in a wrought-metal part, cases where the tensile 
properties of the part are dissimilar along its different directions [30]. When 
crystallographic anisotropy is the reason behind this difference in properties, 
the yield strength, and to a lesser extend the tensile strength, are the most 
affected properties. If mechanical fibering is the type of anisotropy, measures 
of ductility like reduction of area and elongation are most affected [30]. 
Because sheet samples are to be stretch-bent, the study is also concerned 
with the tensile properties that are known to influence the formability of the 
material such as,  the mean Lankford coefficients (often known as the r-
value), the work-hardening exponent, n, and the strength coefficient, K. 
Therefore, the yield strength and the ductility parameters of the material for 
the different directions considered in this study (σy–α = {0°, 45°, 90°}) could be 
obtained from the stress-strain graphs or the data from which the graph is 
generated, using the plastic strain ratio formulas also called Lankford 
coefficients, Rα,  determined from, equation (2.6) [36]: 
P
thick
P
transR


                                                   (2. 6) 
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where α is the angle of the longitudinal axis of the specimen relative to the 
rolling direction of the sheet, P
trans  is the plastic strain in the transverse 
direction of the specimen, and P
thick   is the plastic strain in the thickness-
direction of the specimen. In any case, if R0 ≠R45 ≠R90, the sheet is said to 
display a planar anisotropy, ΔR,  which is determine by the planar anisotropy 
equation (2.7): 
                                                          
2
2 45900 RRRR

                                      (2. 7) 
The planar anisotropy value may be positive or negative, although in steels it 
is usually positive [36]. When Rα differs from unity, the difference between 
average in-plane and through-thickness properties is characterized by the 
normal plastic anisotropy ratio Ṙ, obtained from equation (2.8): 
                             4
2 90450 RRRR

                                    (2. 8) 
The strain-hardening exponent, n, and the strength coefficient, k, for each 
direction will be determined from the true stress-true strain diagrams as 
prescribed in ASTM E646-00.  
2.4.2 Effect of deformation on the anisotropic properties of sheet metal  
Because some properties in the parent material will be different along the 
directions (e.g., 0°, 45°, and 90°), it is expected from the samples cut along 
these directions to respond differently to the applied loads tending to change 
their shape. Cases such as deep drawn cups with ears or elliptically deformed 
tensile specimen are cited in literature as typical non-uniform material flow, 
caused by the difference in strength and ductility along the directions of the 
sheet [1, 30]. Besides causing non-uniform flow of the material, non-metallic 
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inclusions are prone to initiate cracks leading to premature fatigue failure in 
steel components [30]. With plastic deformation taking place, it is expected 
that the stretch-bent samples will display preferred orientation of grains 
(textures). The level to which these grains will deform or be re-orientated will 
vary with the amount of cold work but also in relation to the direction of the 
formed sample. Due to anisotropy, the formed samples could show a slight 
difference on the bend radius, which can be very pronounced with the 
variation of Rα along the different directions, high Rα values yield greater 
springback, whereas small n-value gives way to lower springback [36].  
2.5 STRETCH FORMING PROCESSES 
Stretch forming is a sheet metal forming operation in which the sample being 
formed is simultaneously stretched and bent. Various stretch bending 
procedures are identified, involving for example pre-straining, post-straining, 
or just the presence of axial load on the sample while bending is taking place 
[37]. Stretch forming is relatively new amongst the sheet forming processes, 
and it is used extensively in the aerospace industry to form large sheet panels 
of mild curvature and maintain precise dimensions throughout a curve while 
limiting, or even eliminating wrinkling inside the arc [1]. For the stretch forming 
procedure used in this study, a rectangular blank sheet sample of 200 x 50 x 
4 mm will be clamped tightly along its narrowest ends (width) to keep the 
sample in axial tension while it is pressed into the female die by the male 
punch. 
2.5.1 Applications of stretch forming  
Almost any shape that can be produced by other sheet-forming processes 
can also be produced by stretch forming [26]. Stretch forming is used to form 
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aerospace parts from steel, nickel, aluminium, and titanium alloys and other 
heat-resistant and refractory metals. Some of these parts are difficult or even 
impossible to form by other methods; for example, the titanium alloy gas-
turbine ring [26]. Stretch forming is also used to shape automotive body 
panels, both inner and outer, and frame members that could be formed by 
other processes but at higher cost. An improvement realised with stretch 
bending is the automobile roof. This part was stretch-bent using a blank that 
weighed 2.9 kg less than was the conventional press-forming process. 
Architectural shapes and aerospace forms that call for compound curves, 
reverse bends, twists, and bends in two or more planes are also produced by 
stretch forming [26].  
2.5.2 Characteristics of stretch forming 
Advantages: Stretch forming has the following advantages over conventional 
press-forming methods [26]: 
 About 70% less force is needed than that required for conventional press 
forming, 
 Stretch forming can reduce material costs by as much as 15%. Although 
allowance must be made on the stock for gripping, it is gripped on two 
ends only. The allowance for trimming is usually less than that in 
conventional press forming, 
 Because stretch forming is done on the entire area of the workpiece, there 
is little likelihood of buckles and wrinkles. Tensile strength is increased 
uniformly by about 10%, 
 Hardness is increased by approximately 2%, 
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 Springback is greatly reduced. There is some springback, but it is easily 
controlled by overforming, 
 Residual stresses are low in stretch-formed parts, 
 Form blocks are made of inexpensive materials, such as wood, plastic, 
cast iron, or low-carbon steel, and are about one-third the cost of 
conventional forming dies. If the workpiece is formed hot, the dies must be 
able to withstand the forming temperature. However, most stretch forming 
is done at room temperature, 
 Changeover is simple. Only one form block and two sets of grippers are 
involved. To make the same part from a different metal or another stock 
thickness, the same form block and grippers are used, but the tension of 
the stretch mechanism is adjusted, 
 Produces large parts at a reduced weight, 
 The material thickness cannot be reduced more than 7% if any reduction 
takes place [26]. 
Limitations: Stretch forming is subject to the following limitations [26]: 
 It is seldom suited to progressive or transfer operations, 
 It is limited in its ability to form sharp contours and re-entrant angles. It is 
at its best in forming shallow or nearly flat contours, 
 If the piece is not pinched between mating dies, there is no opportunity to 
coin out or iron out slight irregularities in the surface of the metal, 
 In some applications, especially in stretch wrapping, the process is slower 
than competitive processes, and it is not suited to high-volume production. 
However, stretch draw forming with mating dies can be done as rapidly 
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and automatically as conventional press operations. In fact, punch presses 
are used with dies incorporating draw beads or other means of gripping 
the blank in order to perform some stretch-forming operations, 
 Optimal results are achieved with rectangular blanks. The aircraft industry 
uses trapezoidal blanks, but gives greater attention to each piece than is 
warranted in high-volume production,  
 Deep forming in the direction of the free edges is not practical [26]. 
2.6 SUMMARY 
The stretch forming technique used in this study is a combination of a drawing 
and a stretching process. Since this sheet forming technique is specific 
amongst the different bending processes, information available in literature 
about the bending of low carbon steel and its impact on the formed material is 
not sufficient to predict the final properties of the stretch-bent material such as 
strength, hardness and residual stresses, in particular their variation with the 
different directions considered. On the other hand, low carbon steel is stretch 
formed for automotive body panel, cans for food, and many other frame 
members, thus, it deserves certain attention. 
It is envisaged that stretch bending will induce strain-hardening in the 
material, resulting in the strength and hardness of the formed material been 
increased. Conversely, the ductility of the formed material may decrease. 
Because the samples will be plastically deformed, the through thickness 
section of these samples is expected to reveal non-uniform residual stresses. 
However, it is not known which kind of residual stresses, tensile or 
compressive. Furthermore, the presence of inclusions and their inherent 
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anisotropic character of the parent material as well as the subsequent 
anisotropy of the formed samples are such that any prevision cannot be made 
with certainty regarding the final properties of the stretch-bent material until 
those properties are investigated.  
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CHAPTER 3:  EXPERIMENTAL SET-UP 
3.1 INTRODUCTION 
The method of producing stretch-bent samples and how the various 
mechanical properties and microstructure of the low carbon steel considered 
for this study that were investigated are explained in this chapter. 
Experimental set-up for the following procedures are described: stretch 
bending of samples; microstructural analysis; microhardness profiling; tensile 
testing; Vickers hardness testing; Charpy impact testing; and residual stress 
measurements. 
3.2 OVERVIEW OF STEELS 
Steel by definition is at least 50% iron and must contain one or more alloying 
elements [38]. These elements generally include carbon, manganese, silicon, 
nickel, chromium, molybdenum, vanadium, titanium, niobium, and aluminium. 
Steels are broadly classified as carbon steels or alloy steels [38]. 
3.2.1 Carbon steels 
Carbon steels which are also called plain-carbon steels constitute a family of 
iron-carbon-manganese alloys [39]. They are commonly divided into three 
groups based on carbon content: (1) low carbon, up to 0.30% C; (2) medium 
carbon, 0.31 to 0.55%; and (3) high carbon, 0.56 to 1%. Using this approach, 
the American Iron and Steel Institute (AISI) classifies carbon steels as follows 
[38]: 
 Non-resulfurized carbon steels                            10xx series 
 Resulfurized steels                                                11xx series 
 Rephosphorized and resulfurized steels            12xx series 
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 High-manganese carbon steels                           15xx series 
This AISI designation system also adopted by the Society of Automotive 
Engineers (SAE) will be the designation system used in this study. Amongst 
the four digit numbers, the first two are the series code (e.g., 11- for 
resulfurized ) and the last two digits are the nominal carbon content in points 
of carbon (1 point = 0.01% C). For example, AISI/SAE 1008 steel is a non-
resulfurized carbon steel containing 0.08% carbon, actually between 0.06 and 
0.1% Carbon [39].  
3.2.2 Characteristics of low carbon steels 
Low-carbon steels are sometimes referred to as “soft” or mild steel. They 
correspond to the grades of AISI/SAE 1005 to 1030 and are characterized by 
low strength and high ductility [38, 39]. These carbon steels are non-
hardenable by heat treatment, but are prone to surface-hardening by carbon 
diffusion (e.g., carburizing, carbonitriding, and cyaniding) or by cold working 
[38]. Because they can be formed economically and satisfactorily into a wide 
range of complicated shapes without splitting, necking, or wrinkling, low-
carbon steels have ensured a continued use as a major engineering material. 
They are also readily welded without danger of hardening and embrittlement 
in the weld zone. Other advantages include low cost, high elastic modulus, 
and good energy absorbing characteristics [39].  
The grades of  AISI/SAE 1008 through AISI/SAE 1012 in particular are widely 
used in cars, trucks, home appliances and many other applications [39]. Hot 
and cold rolled sheets of these grades are available for use. Cold rolled 
sheets are usually hot rolled to approximately 4 mm and then finished by cold 
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rolling to 3 mm or less. The hot rolled sheets are produced in four principal 
categories: commercial quality (CQ), drawing quality (DQ), drawing quality 
special killed (DQSK), and structural quality (SQ). The formability of DQ is 
better than that of CQ, and the formability of DQSK is better than that of DQ 
[39, 40].  
Carbon is the principal determinant of many performance properties for 
carbon steels [38]. It has a strengthening and hardening effect and, at the 
same time, it lowers ductility, as evidenced by a decrease in elongation and 
reduction of area. In addition, increasing carbon content decreases 
machinability and weldability, but improves wear resistance. The amount of 
carbon in plain-carbon steel also affects the physical properties and corrosion 
resistivity. With an increase in carbon content, thermal and electrical 
conductivity decline, magnetic permeability decreases drastically, and 
corrosion resistance is lowered [39]. 
3.2.3 The production of low carbon sheet steels 
Low carbon sheet steels are produced either from: 
 the conventional second-generation mill, where the steel is cast in ingots 
and reheated in soaking pits before being hot-rolled, or in 
 the compact mill, where the steel is continuously cast into thin slabs and 
reheated in a continuous tunnel furnace before being rolled into sheet. 
Based on literature, there will be some differences in the mechanical 
behaviour of the hot-rolled sheet steels depending on the production 
technique used. These differences are due to the dissimilarities in the grain 
size and the variation in texture that are inherent to the production technique 
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[40]. According to this hypothesis, it can be found that two sheet steels with 
the same chemical composition behave differently to a forming process or just 
show dissimilar mechanical properties.  
3.3 PROPERTIES OF THE PARENT MATERIAL  
The parent material, also referred to as the “as-received” material will be 
analysed with respect to microhardness, microstructural, tensile, Charpy 
impact, and residual stresses. The same tests are further carried out on 
specimen cut from the stretch-bent samples, with exception to tensile test. 
Thus, the same equipment, the same set-up of the equipment and identical 
specimen preparation in conformity with the prescribed ASTM standards will 
be used.  
3.3.1 Chemical composition  
Chemical analysis was carried out on specimen of dimensions 50 x 50 x 4 
mm cut from the sheet material in the “as-received” condition, to determine 
the composition of the material as well as the concentration of elements and 
compare these with the test certificate of the material supplier, using the spark 
optical emission spectroscopy technique (Spark-OES). 
One of the 50 x 50 mm plane (analytical surface) of the specimen was ground 
with silicon carbide papers of 120, 360 and 600 grid and cleaned with acetone 
and swabs. The clean specimen was then positioned in the “SpectroMAX” 
machine, with the analytical surface facing the ultra-violet (UV) beam source. 
The specimen was tested (i.e., sparked with a UV beam) three times. The list 
of elements with their concentration was obtained, and consistency was 
found. Nevertheless, to make sure that the results obtained from these 
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specimen were reliable, a standard specimen of AISI Grade 1020 supplied by 
Brammer Standard Company, Inc was tested before and after the test. The 
results of the standard specimen were similar to the supplier’s specification. 
The composition of this low carbon steel is given in Table 3.1.  
Table 3. 1: Chemical composition (wt %) of the “as-received” material 
C (%) Mn (%) Si (%) P (%) S (%) Fe (%) 
0.06 0.32 0.03 0.04 0.01 99.30 
This chemical composition was found to be similar to AISI /SAE 1008 steel 
given in Table 3.2. 
Table 3. 2: Chemical composition (wt %) of SAE/AISI 1008 steel 
C (%) 
Mn (%) P (%) S (%) Fe (%) 
< or = 0.10 0.30-0.50 < or = 0.04 < or = 0.050 99.31-99.7 
The entire composition (i.e., the elements and their concentration) of the 
parent material as revealed by the Spark-OES test is available in Appendix 
A.  
3.3.2 Microstructure of the parent material 
Planar section (i.e., surface prepared parallel to the original surface of the 
sheet steel) of metallographic specimen cut in the grip section of tensile tested 
specimen (the alleged rolling and transverse directions specimen, relative to 
the rolling direction of the sheet material) as shown in Figure 3.1 were 
prepared and examined under an optical microscope (OM) to check for non-
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metallic inclusions that may be present in the material and assist with the 
difficulty to differentiate the rolling direction of the sheet to the transverse. 
 
Figure 3. 1: Metallographic specimen cut from tensile specimen for planar section 
microstructure 
Transverse and longitudinal sections of plate and stretch-bent samples were 
subjected to metallographic test. The specimen to be investigated were cut 
from the plate and stretch-bent samples, considering the different directions 
and all the forming levels, as shown in Figure 3.2. They were prepared and 
observed under an optical microscope (OM) to examine its constituents and 
the grains size and shape before and after forming as described below. 
 
Figure 3. 2: Metallographic specimen cut from parent and stretch-bent samples 
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The reason of considering the longitudinal and transverse sections’ 
microstructure of the sample was based on the assumption of texture in which 
the crystal grains are orientated in the direction of major strain which could 
exist in the “as-received” material and likely set off with the forming process. 
3.3.2.1 Metallographic specimen preparation 
These metallographic specimen were hot mounted in compressed 
thermoplastic resin in the mounting press Buehler-SimpliMet 1000. After 
mounting, the specimen were wet ground to reveal the surface of the metal 
(longitudinal, transverse or planar section). Grinding was done with silicon 
carbide papers ranging from 120 to 1200 grits as prescribed in ASTM E3-01. 
The ground specimen were then polished with diamond grit suspensions of 6 
µ, 3 µ and 0.5 µ successively, which were dosed onto a reusable fabric pad 
throughout the polishing process. The longitudinal and transverse section 
specimen will then be etched for about 20 seconds with 2% Nital. However, 
the planar section were observed as polishing since optical microscopes can 
reveal inclusions in un- etched material as shown in the following section.  
3.3.2.2 Microstructural analysis  
Each of the prepared specimen was observed under the optical microscope 
Olympus GX 71 shown in Figure 3.3. This microscope is equipped with 
photographic equipment and connected to a support computer from which the 
microstructural images (micrographs) are observed and analysed.  
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Figure 3. 3: Optical microscope [type: Olympus GX 71] 
The grains shape and size were analysed by comparing a x100 micrograph of 
longitudinal and transverse sections of plate samples to a series of graded 
images of standard average grain size provided by ASTM E112-96. The 
grains shape and size as well as the constituents are analysed in Chapter 4. 
Non-metallic inclusions were observed in the planar section of metallographic 
specimen as shown in Figure 3.4.  
 
Figure 3. 4: Planar section of metallographic specimen cut from tensile specimen (a) along 
the rolling direction (b) all over the surfaces (x100 magnification) 
The black dots on the micrographs, Figure 3.4 are non-metallic inclusions. 
Based on similarities in morphology using the Plate I-r to the ASTM E45-97 
standard, the size, shape, appearance, and type of these inclusions were 
Aluminum oxide Globular oxide 
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analysed. They were identified with heavy series aluminium and globular 
oxides. Figure 3.4 a) shows aluminium oxide type, aligned along the rolling 
direction of the sheet material and Figure 3.4 b) shows globular oxide type, 
randomly spread throughout the microstructure. An attempt to analyse the 
chemical composition of these inclusions was carried out. The metallographic 
specimen were positioned in the scanning electron microscope (SEM) JEOL, 
type JSM-6380, shown in Figure 3.5.  
 
Figure 3. 5: Scanning electron microscope [JEOL, type JSM-6380] 
The inclusions were identified as aluminium oxide and globular oxide types 
and the directions of the sheet steel (rolling and transverse) were 
distinguished based on the inclusions’ alignment and the mill scale on the 
surface of the sheet steel. 
3.3.3 Tensile testing of the parent material 
Standard sheet type specimen were cut from original plate samples and  
prepared as prescribed in the standard ASTM E8-01 to be tension tested in a 
computer-driven servo hydraulic machine. These specimen were cut with their 
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major axis (length of 200 mm) at 0°, 45°, and 90° with respect to the rolling 
direction of the sheet material. The specimen were of reduced cross section 
12.5 x 66.9 mm as shown in Figure 3.6.  
 
Figure 3. 6: Dimensions of tensile specimen 
3.3.3.1 Tensile specimen preparation and test procedure 
Six specimen from each direction (0°, 45°, and 90°) were tested. Three 
specimen out of the six from each direction were tested in the INSTRON and 
the others on the HOUNSFIELD machine. All specimen were designated by 
three alphabetical letters followed by one digit. The first two letters represent: 
rolling direction (RD), 45° direction (45°D), and transverse direction (TD), 
while P the last letter represents the parent material. The digit following the 
alphabetical letter represents the specimen number, 1 through 6, since six 
specimen from each direction were prepared for testing. After measuring the 
specimen (reduced cross section dimensions), they were sprayed with 
marking lacquer (engineering blue) as shown in Figure 3.7.  
The specimen was gripped in the tensile testing machine and attached with a 
4.5 mm gauge length extensometer. Tension was then applied to the tensile 
specimen until it fractures. 
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Figure 3. 7: Tension specimen as prepared to be tested 
Dynamic load cells of ±25 kN were mounted in the machine which the cross-
head speed was set to 5 mm/min, found to be appropriated for the material 
[40]. During application of tension, the cross-head displacement was recorded 
against the applied stress. This data was uploaded in a personal computer 
and used to calculate the tensile properties and draw the curve of stress 
versus cross-head displacement given in Chapter 4.  
Two reasons justify the test of six specimen from each direction and in two 
testing machines. One reason is that the HOUNSFIELD machine can record 
the applied stress against the resulting strain values needed for the 
calculation of n and k which the INSTRON machine could not, but does stop 
recording once the extensometer is taken off. The INSTRON machine records 
the applied stress against the cross-head displacement until fracture of the 
specimen with and after the extensometer is taken off. Because the 
extensometer is only 4.5 mm and the material is very ductile, it could not be 
left on the specimen until it breaks. And, at the time the extensometer has to 
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be removed from the specimen, that has not yet been recorded is not enough 
to calculate the ductility parameters of the material. However, plastic 
deformation of the specimen has already started at the time the extensometer 
is taken off and the five data pairs of pure- stress and strain needed in the 
plastic regime as prescribed in ASTM standard could be obtained to calculate 
the strain-hardening exponent, n, and the strength coefficient, k. Ductility 
parameters however need the applied stress against the cross head 
displacement until fracture of the specimen. Reason why some specimen 
were tested in the INSTRON machine.  
3.3.3.2 Calculation of tensile parameters  
The percent elongation E% of the parent material was calculated from 
equation (3.1) by substituting in L0, the original gauge length measured on the 
tensile specimen before it is gripped in the testing machine and Lf, the final 
gauge length measured on the broken parts fitted together: 
                                                            100%
0
0



L
LL
E
f
                                   (3.1) 
The percent reduction of area RA% of the parent material was calculated from 
equation (3.2) by substituting in A0, the area of original cross-section of the 
specimen and Af the minimum final area measured on the specimen after 
fracture as described in standard ASTM E8-01: 
                                                            100%
0
0



A
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f
                                  (3.2) 
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The strain-hardening exponent, n, and the strength coefficient, K, of the 
material were calculated from five data pairs considered within the plastic 
regime region of the true stress-true strain curve obtained from in the 
HOUNSFIELD machine. These data pairs were substituted into the strain-
hardening exponent equation (3.3): 
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Which according to the standard ASTM E646-00 is made easier to solve by 
substituting into equation (3.3) iY log  and iX log as shown in equation 
(3.4): 
 22 XXN
YXXYN
n


                                       (3.4) 
To acquire k, a constant value b is first calculated from equation (3.5): 
N
XnY
b

                                            (3.5) 
Then the strength coefficient K, is calculated by substituting into equation 
(3.6) the b-value:  
 bK exp                                              (3.6) 
3.3.4 Hardness testing  
Vickers micro-hardness testing was carried out on specimen cut and prepared 
for microstructural examination as described in section 3.3.2. Only the 
longitudinal and transverse sections of parent and stretch-bent samples were 
considered for hardness testing. The surface to be indented was ground and 
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polished as prescribed in ASTM E384-99. Each of the prepared specimen 
was then positioned on the stage of the full-automatic hardness tester as 
shown in Figure 3.8 and loaded with 300 g with a dwell time of 15 seconds.  
 
Figure 3. 8: The full-automatic hardness tester  
This hardness tester in which is embedded a microscope is connected to an 
automatic device FM-ARS 9000 and a support computer from which the test 
was monitor thanks to hardness software FT-ARS 9000 HDPS-ARS Ver. 
1.26.10. With the specimen’s surface being observed under the microscope, 
six parallel lines of thirteen indentations were designed across the surface of 
the specimen. The first indentation of each line was set at mid thickness along 
the width of the specimen (assumed to be the neutral axis), six indentations 
were planned above the neutral axis in the inner curved section and six in the 
outer curved section, below the neutral axis. A pitch (distance between two 
consecutive indentations) of 0.3 mm was considered based on ASTM E384-
99 suggestion to use four times the average diagonal length for soft materials 
(actually around 75 µ). The top and bottom indentations of each line were 
Test 
Specimen 
Hardness 
Tester 
Stage System Unit 
Screen / 
Monitor 
Automatic device 
FM-ARS 9000 
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around 0.3 mm below the surface layers. The distance along the outer curved 
section was measured positive from the neutral axis and the distance along 
the inner curved section measured negative. The distance between the 
width’s edges of the specimen and the outer lines (lines number 1 & 6) as well 
as the distance between two consecutive lines was 3 mm. The indentations 
were then applied automatically by the machine.  
Once all the indentations were applied as designed, the x50 magnification 
lens of the microscope was positioned above the specimen and the length of 
the indentation diagonals were measured on the semi-automatic mode (i.e., 
the measuring ruler was adjusted if necessary). The Vickers hardness number 
(HV0.3) was automatically generated by the software and saved to be 
uploaded into an Excel workbook for further utilisations. 
3.3.5 Charpy impact test 
Charpy impact testing was carried out on sub-sized specimen of dimensions 
50 x 10 x 4 mm in the Charpy V-notch impact tester PSW 30/15. These 
specimen were machined to width 10 mm from strips of dimensions 50 x 13 x 
4 mm taken from the plate and stretch-bent samples as shown in Figure 3.9 
and cut with a 45 ° angle V-notch of 2 mm depth at mid 10 x 4 plane as 
prescribed in ASTM E23-02.   
 
Figure 3. 9: Charpy V-notch specimen as obtained from the samples 
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Four specimen were cut per sample, and four samples from each direction 
considering the different formed samples (i.e., plate sample, stretch-bent to 
120 mm, 150 mm, and 185 mm radius of curvature). These specimen were 
then divided into three groups to be tested at three different temperature 
ranges. Caution was exercised when grouping the specimen from the different 
positions on the samples (specimen Nr.1, Nr.2, Nr.3, and Nr.4. see Figure 
3.9) are together in a group.  
The Charpy impact test was carried out at three predetermined temperatures. 
Namely around (-60°C), around (-5°C), and around 20°C. The Charpy V-notch 
impact test characteristics and calibration as given in Table 3.3. 
Table 3. 3: Characteristics and calibration parameters of the Charpy V-notch impact tester 
Striking energy 29.4 daJ 
Lifting angle 161.215° 
Pendulum weight 20 kg 
Pendulum radius 770 mm 
Pendulum reduced radius 765 mm 
The specimen to be tested at temperatures below 0°C were soaked in a 
chilling bath of liquid methanol and dry ice as indicated in Figure 3.10 for 
about 20 minutes, to allow the core and the surface to reach the test 
temperature. A thermometer was used to monitor the temperature. Each 
specimen was removed from the temperature conditioning environment and 
transferred to the anvil of the impact testing machine as shown in Figure 3.10 
where it was fractured. 
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Figure 3. 10: Experimental setup for the Charpy V-notch impact test 
Precautions were taken to keep the time between the transfer to anvil and the 
pendulum below the 5 seconds as prescribed in ASTM E23-02. The 
pendulum was released from its maximum energy position (height) to strike 
the specimen at the opposite side of the V-notch. The absorbed energy of the 
fractured specimen was recorded. 
3.3.6 Residual stress measurements 
The hole-drilling strain gauge method was used to determine the residual 
stresses of the parent and stretch-bent samples. The RESTAN system by 
SINT Technology  which consists of a mechanical-optical device, an amplifier, 
an electronic device and a support computer was used to drill the hole and 
measure the strain relaxation. 
The site for strain rosette application was prepared as follows: 
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 Plate samples were first fibre blasted to remove any surface scale and 
does not induce any stress into the prepared surface; 
 The area is then further ground using abrasive paper of 240, 360 and 600 
grid; 
 Finally, the area was degreased and cleaned using acetone and swabs 
before the strain gauge rosette of commercial designation EA-06-062RE-
120 was bonded on the clean site with it reference grid (strain gauge 1 of 
the rosette) aligned in the longitudinal direction of the sample.  
For parent samples, the middle of the width and length plane was chosen for 
measuring the residual stresses, and for stretch-bent samples the middle of 
the width on the apex (outer and inner curved surfaces) was the region of 
interest considering that the maximum stress would be registered in this area. 
Figure 3.11 illustrates the rosette as bonded on the measuring sites of 
samples.  
  
Figure 3. 11: Samples with attached strain rosettes  
Parent sample 
Stretch-bent sample, 
Outer surface 
Stretch-bent sample, 
inner surface 
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The strain gauge grids were then wired to solder tabs and connected to the 
Spider 8-30 amplifier for residual stress measurement as shown in Figure 
3.12. 
 
Figure 3. 12: Experimental set-up for residual stress measurement 
The operation control and the strain recording files were set through the 
support computer which is equipped with the Residual stress analyser 
software (RMS. EXE) and connected to the mechanical and electronic 
devices of the RESTAN system as shown in Figure 3.13. 
The microscope embedded in the hole-drilling head was used to accurately 
align the test sample over the drilling target (geometric centre) of the rosette. 
Then, the 1.6 mm diameter endmill was positioned at the surface of the 
sample and, after zero-balancing the strain gauge elements, the hole was 
drilled. The measured strains were recorded and uploaded into an Excel 
worksheet where the relieved principal stresses are then calculated through a 
series of equations (3.7 to 3.9) as given in ASTM E837-08. 
Amplifier  
(HBM Spider 8-30) 
Mechanical and 
Optical System 
Gauged sample, 
connected to the 
Spider 8-30 
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Figure 3. 13: Residual stress measurement chain 
The constants A & B  material dependent and determined from equations (3.7 
and 3.8): 
     
  1
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A                                           (3.7) 
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                                                  (3.8) 
where E-Young’s modulus, ν the Poisson’s ratio and the dimensionless calibration 
constants a¯ and b¯ also referenced to as Schajer’s coefficients.  
The constants  a¯ and b¯ are read from the Table given in Appendix B based 
on the ratio D0/D i.e. drilled hole diameter divided by grid circle diameter of 
rosette and Z/D i.e. drilled hole depth divided by grid circle diameter of 
rosette. The maximum and minimum principal stresses are then computed 
using equation (3.9): 
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The orientation of the maximum principal stress with reference to gauge 1 is 
obtained from equation (3.10): 

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                                    (3.10) 
The set-up parameters for residual stress measurement are given in Table 
3.4. 
Table 3. 4: Set-up parameters for residual stress measurement  
Hole depth: 2 mm 
Drilling method: Linear (0.05 mm increments) 
Number of steps: 40 
Drilling speed: 0.2 mm/min 
Acquisition delay: 5 seconds 
Drilling delay: 2 seconds 
Stress evaluation method: Non-uniform (ASTM E837-08) 
Note: Linear drilling method means every drilling step is the same depth. Acquisition delay is 
the time before automatically reading strains and resuming testing with another drilling step. 
Drilling delay is the stoppage time between two consecutive drilling steps. 
3.4 STRETCH BENDING  
Original plate samples of dimensions 200 x 50 x 4 mm cut from the sheet in a 
guillotine machine as described in section 1.4 were stretch-bent to 120 mm, 
150 mm, and 185 mm radii of curvature in a 25 ton single-action mechanical 
press while the strain experienced by the sample being formed was recorded 
on two locations where a strain gauge was bonded to it, using the SoMat 
eDAQ system. The stretching was produced by an axial load impeding the 
sample clamped at its ends. The stationary jig was positioned in the press 
bolster and the female die was fixed inside the jig. The bending of these 
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samples resulted from the energy/stress induced into sample by the stroke of 
the ram.  
3.4.1 Gauged sample preparation 
The locations where strain gauges were bonded on the plate samples were 
prepared as follows: 
 The samples were first fibre blasted to remove any surface scale and does 
not induce any stress into the prepared surface; 
 The area is then further ground using abrasive paper of 240, 360 and 600 
grid; 
 Finally, the area was degreased and cleaned using acetone and swabs 
before the HBM foil strain gauges with connection wires, type 3/120 LY41-
3-1M were attached to the sample using a “CN” cyanoacrylate adhesive. 
 The strain gauge/adhesive was dried at ambient temperature for about 
one hour and layered with M-coat (an air-drying polyurethane coating) to 
protect them against unsolicited moisture. 
Gauge 1, then qualified as the apex’s gauge was bonded to the centre of the 
width and length plane of the sample. Gauge 2 was also positioned  on the 
centre line of the width plane and 30mm from Gauge 1. 
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Figure 3. 14: Prepared original plate sample attached with strain gauges  
3.4.2 Calibration of gauged samples 
The ability of the gauged samples to effectively record the strain they will 
experience during forming was tested before the application of stretch 
bending. This was done by statically loading and unloading these samples as 
a cantilevered beam as shown in Figure 3.15. They were clamped at the edge 
of the bench and the gauges wires were connected to channels 1 and 2 
respectively of the VISHAY P3 strain indicator to record the strain induced (on 
two gauge locations) in the sample by the applied load.  
 
Figure 3. 15: Calibration of gauged samples 
Vishay Strain 
Amplifier 
Gauged 
sample 
Hanger 
Bracket, Mass 
              CHAPTER 3  EXPERIMENTAL SET-UP 
~ 61 ~ 
 
The test parameters were then selected in the strain indicator such as the 
gauge factor (K), the wires circuit (actually quarter bridge), the channels to be 
recorded (1 and 2). After zero-balancing the strain gauge elements in which 
the mass of the hanger was included, the sample was loaded from 4.57 kg to 
20.32 kg. The applied mass was recorded against the measured strain-value 
as given in Table 3.5. 
Table 3. 5: Applied mass against the strain recorded by gauge 2 on a 45° D sample, tabulated 
with analytical strain-values 
Mass in 
kg 
Strain in [µm/m] 
Test 1 Test 2 Average test 1 & 2 Analy
tical 
values Loading Unloading Loading Unloading Loading Unloading 
0 0 -3 0 -4 0 -3.5 0 
4.57 236 235 238 234 237 234.5 210 
9.78 469 469 472 468 470.5 468.5 450 
15.00 702 701 702 699 702 700 690 
20.32 904 904 902 902 903 903 934 
This loading and unloading was done twice for each sample. Therefore, the 
effectiveness of the gauges was based on the repetition (more or less) of the 
recorded strain for a given load. The experimental values were compared to 
the analytical, as given in Table 3.5, obtained by substituting in Hooke’s law, 
equation (3.11), the maximum bending stress, equation (3.13)  [30]: 
  E             [MPa]                           (3.11) 
where E-Young’s modulus of the material, σ the elastic stress and ε the elastic strain. 
The plastic strain can be calculated from equation (3.11) as: 
E

                                                     (3.12) 
Since the strain gauge is bonded at the sample’s surface, σ is equal to σmax .as: 
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I
My
              [MPa]                          (3.13) 
where M is the bending moment ( LWM  ), y is one-half the sample’s thickness (
2
h
y  )  
and I the moment of inertia (
12
3hb
I

 ), with L the distance between the loading point 
and the longitudinal centre marks of the strain gauge, W the load, b the sample’s 
width, h its thickness. By substituting equation (3.13) in equation (3.12) using M, y 
and I as detailed above, the theoretical bending strain, equation (3.14) is obtained:  
                                                               
2
6
Ebh
WL
                                                (3.14) 
From Table 3.5 it was observed that the difference between the experimental 
and analytical strain-values was less than 5%. The gauged samples were 
thus found capable to transmit suitable feedback of the strain they will 
experience during stretch bending.  
The experimental stress (σ) induced into the material by the static loading as 
given in Table 3.6 was calculated using equation (3.11). 
Table 3. 6: Experimental stress induced into a 45° D plate sample by gauge 2 
Mass in 
kg 
Stress in [MPa] 
Test 1 Test 2 Average test 1 &  2 
Loading Unloading Loading Unloading Loading Unloading 
0 0 -0.6 0 -0.8 0 -0.7 
4.57 47.2 47 47.6 46.8 47.4 46.9 
9.78 93.8 93.8 94.4 93.6 94.1 93.7 
15.00 140.4 140.2 140.4 139.8 140.4 140 
20.32 180.8 180.8 180.4 180.4 180.6 180.6 
The maximum stress induced in the samples during the calibration was set 
such that it does not exceed 70% of the material’s yield strength, since this is 
considered as the proportional limit (i.e., the stress is proportional to strain) of 
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most metals [8]. Therefore, it is believed that a permanent plastic deformation 
will not be induced to the plate samples before they are taken for stretch 
bending.  
3.4.3 The mechanical press set-up  
A press machine consists of a frame supporting a bed (bolster) and a ram 
drives by an eccentric which moves it at right angle to the bed [41]. Presses 
are equipped with dies and punches designed to produce parts in 
pressworking operations. They are classified by one or a combination of 
characteristics which include the drive mechanism (manual, mechanical, and 
hydraulic) and the type of frame for example, arch, gap, and straight-sided 
[41]. Figure 3.16 illustrates the press used in this study. 
 
Figure 3. 16: Schematic of the 25 tons mechanical press used in this study 
Eccentric 
Mechanism 
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This is a single-action gap-frame (also called “C” frame), eccentric drive, 
mechanical press. It uses an electric motor to power the ram/punch via an 
eccentric drive and the flywheel. Its 25 tons means the press can exert 222.5 
kN force at mid-course of the stroke length [41]. Commercial and mechanical 
characteristics of this press are: 
 Sub-category:                                     Open gap eccentric press 
 Brand:                                                 Gosmeta, Ter Hart-type EP 25 
 Force rating/Nominal power:               25 tons 
 The stroke length of the ram:              6-60 mm 
The set-up that was considered to stretch-bent a sample to a given radius of 
curvature was established during the bending trials. This set-up includes the 
stroke length and the clamping torque which had resulted successful stretch-
bent sample as described in section 1.8.  
3.4.4 Sample installation and strain gauges connection 
Two operations were completed before the sample is formed in the press: 
 the installation and the clamping of the plate sample into the jig,  
 the connection of the strain gauges to the SoMat eDAQ system. 
3.4.4.1 Installation of the sample into the jig 
The sample to be formed was placed in the jig and clamped between its 
gripping jaws as shown in Figure 3.17 using a pre-set torque wrench. 
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Figure 3. 17: The sample clamping set-up 
The gauged surface (plane 200 x 50 mm)  facing the die into which a slot is 
cut to accommodate the gauge and prevent it from damage when the sample 
is pushed down into it by the punch. The sample was tightened at the 
convenient clamping torque decided during the bending trials and detailed in 
Chapter 4 together with the stroke length. Besides the stroke length, 
parameters such as the distance between the punch’s tip and the top surface 
of the form sample and the distance between the bottom surface of the 
sample and the nadir of the die as shown in Figure 3.18 were found important 
to be considered. 
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Figure 3. 18: The stroke and travel distance to stretch-bent the different radii of curvature
Set-up for 120 mm radius of curvature 
Stroke length: 30 mm 
Clamping torque: 50 Nm 
Distance punch’s tip-sample: 5 mm 
Distance sample-die’s nadir: 23.5 mm 
Set-up for 150 mm radius of curvature 
Stroke length: 18 mm 
Clamping torque: 80 Nm 
Distance punch’s tip-sample: 4 mm 
Distance sample-die’s nadir: 11 mm 
 
Set-up for 185 mm radius of curvature 
Stroke length: 18 mm 
Clamping torque: 80 Nm 
Distance punch’s tip-sample: 2 mm 
Distance sample-die’s nadir: 14 mm 
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3.4.4.2 Connection of the gauged sample to the data acquisition 
system 
The data acquisition SoMat eDAQ used in this study is a microprocessor-
based system, designed for portable data collection in a variety of test 
environments. The system illustrates in Figure 3.19 consists of the standalone 
SoMat eDAQ device, a support computer, and different transducer cables 
(e.g., the SoMat SAC-TRAN-MP Transducer Cable, “E-ETHERNET” cable, 
and the power cable). 
 
Figure 3. 19: Connection of a gauged sample to SoMat eDAQ system 
The support computer (PC) is equipped with Test Control Environment (TCE) 
software used to set the test parameters and monitor it.  
With the sample positioned in the jig, the gauges’ wires were soldered to the 
female end of the transducer cables (SoMat SAC-TRAN-MP, green cables). 
The male end was then connected to the strain gauge board of the eDAQ 
device as shown in Figure 3.19. The strain gauge attached to the press’s ram 
to record the strain it experiences during the forming process was also joined 
to a transducer cable and connected to the eDAQ. With all strain gauges 
Strain gauge 
Wire 
Connection 
point 
Transducer Cables, 
Connected to eDAQ 
SoMat eDAQ 
device 
Support computer 
              CHAPTER 3  EXPERIMENTAL SET-UP 
~ 68 ~ 
 
connected to the eDAQ which was then connected to the support computer 
and the sample tightened into the jig, the test parameters were set through 
the TCE. These were the channels to be recorded, the sampling rate (actually 
10000 Hz), the maximum and the minimum strain to record per channel based 
on the gauge specifications and the mode of data acquisition. 
3.4.4.3 The stretch-bending of samples 
With the parameters set in the TCE and the files now initialised, the press was 
switch on and immediately the foot pedal of the machine was pressed. The 
ram will go through a cycle in which the punch will stroke and push down into 
the female die the form sample, resulting in this been formed. Sooner the 
cycle of the ram was completed, the press was switched off and the strain 
recording was stopped. Figure 3.20 shows the recorded strain against the 
time on the apex of rolling direction samples being bent to 120 mm radius of 
curvature. One sample was pure bent and the other was stretch bent.   
 
Figure 3. 20: Dynamic response curves of strain versus time as recorded by gauge 1of RD-FI 
samples (during stretch-bent and pure-bent)  
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All the curves of strain versus time recorded from the gauged samples are 
available in Appendix C. 
3.4.5 The bending of unclamped samples (Pure-Bending) 
To analyse the effect of the clamping torque in the stretch-bending technique 
as done in this study, it was found necessary to bend similar samples 
unclamped (pure bending). These samples were laid on the jig from which the 
gripping jaws were removed. They were bent with the same stroke length for 
corresponding radius of curvature to the stretch-bent samples. The strain 
experienced by the pure-bent samples while being formed was recorded 
against the time with SoMat eDAQ system and plotted as shown in Figure 
3.20. The curves of strain versus time will be compared to those of stretch-
bent samples considering the direction and the radius of curvature.  
3.5 SUMMARY 
Information in this Chapter is very important since trust and accuracy on the 
results discussed in Chapter 4 relies on the quality of the specimen and the 
measuring technique used to quantify a property. All experimental set-ups and 
specimen preparations was discussed and clarified to establish a clear 
understanding to the readers. The specimen used for microhardness analysis 
were after grinding, polishing and etching, metallographic tested. The 
INSTRON and  HOUNSFIELD tensile testing machines were both used to 
quantify all tensile properties needed in this study. Caution was exercised 
during the machining of the Charpy impact specimen taken from stretch-bent 
samples such that those curved specimen are not flatten during the process. 
The strain rosettes and the test parameters used to measured the relieved 
              CHAPTER 3  EXPERIMENTAL SET-UP 
~ 70 ~ 
 
residual stress have been chosen on the basis of previous research results on 
steel.  
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CHAPTER 4:  RESULTS AND DISCUSSION 
4.1  INTRODUCTION 
In this Chapter it will be shown that plate samples of AISI 1008 steel were 
stretch-bent in a single-action mechanical press while the strain they 
experienced was recorded with the SoMat eDAQ system. The sample being 
formed was held in tension by the gripping jaws of the jig into which it was 
clamped. The contact between the tool set and the sample allowed the punch 
to transfer the ram/press’s energy to the sample to generate the bent sample. 
The stress induced in the samples during forming was calculated from the 
recorded strain values. Microstructure, Charpy energy absorbed, hardness, 
yield and tensile strengths and residual stress of the stretch-bent material was 
analysed with reference to the properties of the “as-received” material.  
4.2 FORMING PROCESS ANALYSIS 
Figure 4.1 shows the positions of strain gauges 1 and 2 on a plate sample. 
 
Figure 4. 1: Plate sample showing positions of strain gauges 1 (G1) and 2 (G2) 
The dynamic response curve of strain versus time as measured by gauges 1 
& 2 (G1 & G2) of the transverse direction sample number two (TD-FI_G1 & 
2_S2) being formed to 120 mm radius of curvature  is shown in Figure 4.2. 
Typical curves of strain versus time recorded on samples from the different 
G1 G2 
30 mm 
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directions considered for pure and stretch bent to different radii of curvature 
are given in Appendix C. 
 
Figure 4. 2: Dynamic response curve of strain versus time as recorded by gauge 1 & 2 of the            
TD-FI sample 2 (while being stretch-bent to 120 mm radius of curvature) 
The average strain-values measured on those samples which were clamped 
during forming by gauges 1 & 2 are given together with the stroke length, the 
clamping torque and the radius of curvature in Table 4.1. A minimum of two 
gauged samples were formed to a given radius of curvature with the same 
stroke length and clamping torque. The maximum strain of similar samples 
from homogeneous positions were summed and divided by the number of 
samples considered to obtain the average strain value as given in Table 4.1. 
Based on the criteria set in sub-objective 4 in section 1.4, the stroke length 
and the clamping torque in Table 4.1 yielded successful stretch-bent samples 
which were evaluated further (e.g., microstructural analysis, microhardness 
profiling, Charpy impact, residual stresses).  
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Table 4. 1: Forming parameters, bend radius and average strain recorded by gauges 1 & 2 of 
stretch-bent samples 
Sample 
direction 
Clamping 
torque 
Stroke 
length 
Radius of 
curvature 
Gauge 1, 
average 
strain, µε 
Gauge 2, 
average 
strain, µε 
0° Direction 50 Nm 30 mm 120 mm 44423 17424 
0° Direction 80 Nm 18 mm 150 mm 34581 19902 
0° Direction 80 Nm 18 mm 185 mm 27493 13191 
45° Direction 50 Nm 30 mm 120 mm 45796 13804 
45° Direction 80 Nm 18 mm 150 mm 39863 20643 
45° Direction 80 Nm 18 mm 185 mm 29283 15934 
90° Direction 50 Nm 30 mm 120 mm 48544 16916 
90° Direction 80 Nm 18 mm 150 mm 30229 16743 
90° Direction 80 Nm 18 mm 185 mm 26750 14492 
Since the effect of axial load in the stretch bending technique used in this 
study was investigated, similar samples to those bent while being clamped 
were bent unclamped (pure bending). Figure 4.3 shows the dynamic response 
curve of strain versus time as recorded by gauges 1 & 2 (G1 & G2) of the 
rolling direction sample number one (RD-FI_G1 & 2_S1) being formed 
unclamped to 120 mm radius of curvature.  
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Figure 4. 3: Dynamic response curve of strain versus time as recorded by gauge 1 & 2 of the 
RD-FI sample 1(being pure-bent to 120 mm radius of curvature) 
The average strain-values recorded by gauges 1 & 2  from samples formed in 
the unclamped condition are summarised together with the stroke length and 
the resulting radius of curvature in Table 4.2.  
Table 4. 2: Stroke length, bent radius and average strain recorded by gauges 1 & 2 of pure-
bent samples 
Sample 
direction 
Stroke length 
Radius of 
curvature 
Strain by gauge 
1, µε 
Strain by gauge 
2, µε 
0° Direction 30 mm 120 mm 40650 14001 
0° Direction 18 mm 150 mm 33877 22663 
0° Direction 18 mm 185 mm 16765 15610 
45° Direction 30 mm 120 mm 41805 14035 
45° Direction 18 mm 150 mm 24282 23018 
45° Direction 18 mm 185 mm 20336 11379 
90° Direction 30 mm 120 mm 37228 14646 
90° Direction 18 mm 150 mm 25211 18652 
90° Direction 18 mm 185 mm 16074 15078 
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It was observed from Figures 3.20, 4.1 & 4.2  that the dynamic response 
curves of strain versus time of samples bent while being clamped and those 
of samples bent in the unclamped condition showed similar trends for 
homogeneous positions. The strain magnitude however varies, in particular 
for the strain recorded by strain gauge one on the apex of the samples as 
given in Tables 4.3.  
Table 4. 3: Calculated stress induced in the material by the forming process (pure and stretch-
bending) from the measured strain 
 
Sample 
direction 
Radius of 
curvature 
Stretch-bent samples Pure-bent samples 
Gauge 1, 
Maximum 
strain, µε 
Maximum 
stress, MPa 
Gauge 1, 
Maximum 
strain, µε 
Maximum 
stress, MPa 
0° Direction 120 mm 44423 323.84 40650 317.86 
0° Direction 150 mm 34581 307.25 33877 305.92 
0° Direction 185 mm 27493 292.8 16765 263.91 
45° Direction 120 mm 45796 321.26 41805 314.88 
45° Direction 150 mm 39863 311.61 24282 279.41 
45° Direction 185 mm 29283 291.16 20336 268.72 
90° Direction 120 mm 48544 322.69 37228 303.58 
90° Direction 150 mm 30229 289.38 25211 277.55 
90° Direction 185 mm 26750 281.36 16074 250.26 
Since design and manufacturing tend to consider the worst case scenario to 
cover all eventualities, the strain measured on the sample’s apex was used to 
calculate the stress (maximum) induced in the material during forming as 
given in the Table 4.3 using the Holloman equation (1.3). 
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It is clear from Table 4.3 that higher strain is recorded from those samples 
formed while being clamped as compared to the unclamped. The same trend 
(of discrepancy) is observed with the calculated induced stress. Figure 4.4 
illustrates the measured strain  versus the radius of curvature relative to the 
forming technique.  
 
Figure 4. 4: Average strain versus radius of curvature relative to the forming technique 
Based on Figure 4.4, the discrepancy between the strain-values measured on 
samples from different directions formed while being clamped to similar radius 
of curvature is higher for 150 mm radius of curvature with a scatter ranging 
between 12.58% (rolling and 45° direction samples) and 24.16% (45° and 
transverse direction samples). The strain discrepancy is lower for 120 mm 
and 185 mm radii of curvature, for which the strain-values measured on 
samples from different directions formed while being clamped varies between 
2.70% and 8.65%, showing these strain-values almost on the same co-
ordinates in Figure 4.4. This low disparity in the strain-values is a confirmation 
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of the minor differences observed in the anisotropic parameters of the sheet 
material considered for this study, such as strength and ductility along the 
directions. However, the strain measured on the apex of stretch-bent samples 
was higher between the radii of curvature compared to that on the pure bent 
samples. An average difference of 21.7% was calculated between the 
recorded strain-values on pure and stretch bent samples, with stretch bending 
straining the highest. This is likely due to the clamping torque playing a role in 
this stretch-bending technique. An attempt to establish the trend of the 
calculated stress between samples from different directions which were pure 
and stretch-bent to 120 mm, 150 mm and 185 mm radii of curvature was 
carried out and is shown in Figure 4.5.  
 
Figure 4. 5: Induced stress versus radius of curvature relative to the forming technique 
From Figure 4.5, it is clear that the calculated stress shows lower difference 
between pure and stretch-bending relative to the measured strain magnitude 
as shown in Table 4.4. Overall, the average stress induced in stretch-bent 
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samples is approximately 5.8% greater than that induced by pure bending. 
Detailed comparisons of the measured strain and the calculated stress is 
given in Table 4.4. 
Table 4. 4: Comparing the measured strain and the calculated stress values between pure and 
stretch bending 
Sample 
direction, 
radius of 
curvature 
Measured strain, µε Calculated stress, MPa 
Pure-
bending 
Strain 
Stretch-
bending 
Strain 
(%) 
Percentage 
discrepancy 
Pure-
bending 
stress 
Stretch-
bending 
stress 
(%) 
Percentage 
discrepancy 
0°, 120 mm 40650 44423 8.49 317.86 323.84 1.85 
0°, 150 mm 33877 34581 2.04 305.92 307.25 0.43 
0°, 185 mm 16765 27493 39.02 263.91 292.8 9.87 
45°, 120 mm 41805 45796 8.71 314.88 321.26 1.99 
45°, 150 mm   24282 39863 39.09 279.41 311.61 10.33 
45°, 185 mm   20336 29283 30.55 268.72 291.16 7.71 
90°, 120 mm 37228 48544 23.31 303.58 322.69 5.92 
90°, 150 mm   25211 30229 16.60 277.55 289.38 4.09 
90°, 185 mm 16074 26750 39.91 250.26 281.36 11.05 
From the above, it is clear that higher strain observed with stretch bending as 
compared to pure bending are due to the clamping action of the sample. 
Therefore, the calculated stress which could be considered as the energy 
transferred to the sample by the punch when the energy lost during the 
transfer is neglected reflects lesser difference in magnitude between the two 
forming techniques relative to the measured strain. The clamping action was 
seemingly more pronounced on the stretch-bent samples to 185 mm radius of 
curvature, likely due to the short distance that separated the punch’s tip to the 
form sample compared to that distance of the stretch-bent samples to 120 
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mm and 150 mm radii of curvature. With the samples formed to 185 mm 
radius of curvature, the discrepancy in the measured strain between pure and 
stretch-bent samples almost reached 40% higher, whereas the calculated 
stress was less than 11% greater for the stretch-bent samples as given in 
Table 4.4. This discrepancy between the measured strain and the calculated 
stress could lead to the conclusion that the ram/punch could induce almost 
the same amount of energy (i.e., stress) into the form sample independently 
to the forming technique for a given stroke distance. Depending on the 
distance travelled by the punch before the sample is struck and the distance 
travelled when punch is in contact with the sample, the magnitude of energy 
transferred and the spread of this energy throughout the sample will be 
different.  
The dynamic response curves of strain versus time as recorded by gauges 1 
& 2 could be interpreted as: the ram/punch on its stroke from the top dead 
centre (TDC) to bottom dead centre (BDC) strikes the sample, pushing it into 
the die, obtaining the shape determined by the design of the punch and die 
set. The longitudinal strain measured at the surface of the sample shows 
significant variations as the contact zone punch-sample increases. The 
maximum strain is initially at the middle of the length-thickness plane of the 
sample when the punch reaches its mid-course. As the punch enters the 
second half of its course and the contact zone between punch and sample 
increases, the peak strain moves outwards (longitudinally towards the edges), 
resulting in the strain at the middle decreases. Shortly thereafter the punch 
returns to its TDC, unloading the sample and a slight recovery is observed on 
the strain curve before it becomes constant as the permanent deformation 
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set. This could also indicate that the energy of the ram/punch is transferred 
from the middle of the sample before it diffuses internally throughout.  
4.3 MECHANICAL PROPERTY ANALYSIS  
This section analyses the Charpy impact energy absorbed, microhardness 
and the tensile properties of the low carbon steel used in this study in the “as-
received” condition and after stretch bending.  
4.3.1 Tensile properties of the parent material 
The strength and ductility of the parent material were investigated by tensile 
testing sheet type specimen as described in section 3.3.3. Figure 4.6 shows 
typical stress versus cross-head displacement curves of rolling (RD), 45° and 
transverse (TD) directions specimen relative to the rolling direction of the 
sheet. 
 
Figure 4. 6: Stress versus cross-head displacement of the parent material  
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The curves in Figure 4.6 were generated from an average of stress and cross-
head displacement data obtained by summing and dividing these data of 
three similar specimen from homogeneous directions. It can be observed from 
these curves that the material exhibits yield phenomenon. Therefore, its yield 
strength, as given in Table 4.5, was obtained from an average that is 
associated with the lower yield point as suggested in ASTM E8-01 [8]. 
According to that ASTM standard, the following information should be 
included when reporting on tensile testing of metallic materials: 
 Material and sample identification 
 Specimen type 
 Test information to be available on request 
 Yield strength and method used to determine yield strength 
 Yield point elongation 
 Tensile strength 
 Elongation 
 Report original gauge length 
 Method used to determine elongation 
 Reduction of area, if required 
Most of the required information has already been given in section 3.3.3. The 
remaining information is in the tensile properties and given in Table 4.5. It is 
clear from Table 4.5 that the differences between the tensile properties of the 
three directions considered for this study are insignificant. Typical values are: 
4% difference of yield strength between the 0° and 45° direction. Though that 
is the minimum between any two directions, the maximum is around 10% 
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between the 0° and 90° direction. The difference between the UTS of the 
different directions is lower than that of yield strength with the maximum 
around 2.5% between the 0° and 90° direction. Higher tensile strength and 
lower yield strength along the transverse direction of the sheet material 
correlate with its higher n-value and likely a greater stretchability of the 
material along that direction compared to 0° and 45° directions. The higher 
yield and tensile strength along the rolling direction justify its lower ductility as 
compared to 45° and transverse direction. Overall, the material has a high 
ductility, based on percentage elongation and percentage reduction in cross-
sectional area. 
Table 4. 5: Tensile properties of the low carbon sheet steel used in this study  
Specimen direction 0° 45° 90° 
Yield strength, σy (MPa) 281 272 255 
Tensile strength, σu (MPa) 363.8 358.3 355.8 
Elongation, E% 42.5 45.5 45.9 
Reduction in area, RA% 64.3 66.4 65 
Strain-hardening exponent, n 0.21 0.22 0.23 
Strength coefficient, K (MPa) 622.78 633.11 647.11 
The strain-hardening exponent, n, and the strength coefficient, K, given in 
Table 4.5 were calculated from the tensile test data as shown in Appendix D. 
The influence of different n-values along the directions of the sheet 
considered in this study was expected to be observed in the stretchability of 
the samples. However, it was observed that samples taken along the direction 
of the sheet material with higher n-value did not always experience lower 
             CHAPTER 4  RESULTS AND DISCUSSION 
~ 83 ~ 
 
strain as shown in Figure 4.7; higher strain value was measured on the 
transverse direction samples formed to 120 mm radius of curvature.  
 
Figure 4. 7: The influence of tensile properties to the stretch-bending technique 
This low influence of the n-value is likely due to the lower magnitude of the 
stretchability of the sample over its drawability in the stretch-bending used in 
this study, but also due to the other forming parameters such as yield and 
tensile strength which were different from one direction to another. It was 
observed that the different directions responded alike to the stretch-bending 
technique regarding the measured strain, but the 45° direction samples 
seemed more sensitive to straining than the rolling and transverse direction 
samples as shown in Figure 4.7. 
4.3.2 Yield and tensile strength of the stretch-bent material 
It is established that hardness assessment is an approximate method of 
measuring the material’s strength, and gives indication of work hardening (see 
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section 2.3.2.2), the yield and tensile strengths as given in Table 4.6 were 
calculated  from equations (2.4 & 2.5). 
Table 4. 6: The calculated yield and tensile strengths (UTS) of the material from average 
hardness at different levels of forming 
Samples/specimen level 
of forming 
Sample direction 
0° 45° 90° 
Yield UTS Yield UTS Yield UTS 
Experimental yield, 
calculated UTS of “as-
received”  material, 
MPa 
281 374.81 272 382.07 255 403.90 
120 mm radius of 
curvature, MPa 
322.75 430.49 300.20 421.68 278.16 440.58 
150 mm radius of 
curvature, MPa 
313.08 417.59 296.10 415.93 280.57 444.40 
185 mm radius of 
curvature, MPa 
310.76 414.50 289.94 407.28 257.04 407.14 
It is clear from the above that a maximum 13% increase of the yield and 
tensile strength was induced in the stretch-bent samples to 120 mm radius of 
curvature as compared to the plate samples’ yield and tensile strength. This 
13% increase was recorded on the rolling direction samples, seemingly more 
prone to work hardening than the 45° and transverse direction samples. The 
lowest increase of yield and tensile strengths, around 1% was recorded from 
the transverse direction samples, stretch-bent to 185 mm radius of curvature. 
Some inconsistencies were observed with the increase of yield and tensile 
strength between samples from different directions, but the highly strained 
samples, formed to 120 mm radius of curvature exhibited the highest increase 
of yield and tensile strength, whereas the lower strained samples, formed to 
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185 mm radius of curvature displayed the lowest increase of yield and tensile 
strength. The lower increase of strength along the transverse direction of the 
sheet material is likely due to its higher n-value, giving it the ability to absorb 
more strain than the other directions of the sheet considered in this study. 
Nonetheless, hardness through the thickness of the stretch-bent samples has 
increased just below the surface layers up to around 1.1 mm depth. 
Therefore, it can be assumed that the strength of the formed samples in Table 
4.6 is only valid to a depth of 1.1 mm of the samples, since there is a direct 
correlation between hardness and the strength of the material. 
4.3.3 Microhardness analysis of the parent material 
Microhardness analysis through the thickness section of specimen cut from 
original plate samples for rolling (RD), 45° and transverse (TD) directions is 
shown in Figure 4.8.  
 
Figure 4.8: Microhardness analysis through the thickness section of 0°, 45° and 90° 
directions of the sheet material 
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The Vickers microhardness measurements were carried out using a 300 g 
load. Graphs of microhardness analysis are available in Appendix E, 
considering samples from different directions at different levels of forming. 
It is clear from Figure 4.8 that hardness throughout the thickness section of 
the three directions of the sheet shows a slight increase below the surface 
layers up to around 0.8 mm depth relative to the centre of the sheet material. 
This hardness trend is similar between the rolling and 45° directions of the 
sheet, but slightly more accentuated along its transverse direction where an 
average range of around 13HV0.3 was recorded. The slight increase of 
hardness just below the surface layers is likely due to the concentration of 
smaller grains in these regions of the sheet material (see section 4.4). The 
average hardness through the thickness section of the three directions of the 
sheet is given in Table 4.7. 
Table 4.7: Average Vickers hardness through the thickness section of the sheet material  
Through thickness section/specimen 0° 45° 90° 
Average Vickers hardness, HV0.3  112.75 113.53 118.48 
The through thickness section of the transverse direction of the sheet material 
along which higher scatter of hardness numbers was observed as shown in 
Figure 4.8, is the sheet’s direction with higher average hardness number. The 
average hardness in the above are in the reverse order of the strength in 
terms of their magnitude relative to the directions of the sheet, but of lower 
discrepancy (maximum 4.84% between 90° and 0° directions) as compared to 
that of the tensile parameters of the sheet in Table 4.5. The low discrepancy 
observed between the average hardness of any two directions tends to 
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confirm the minor level of anisotropy in the “as-received” material. 
Subsequent changes of hardness in the stretch-bent samples will be 
discussed in the following section. 
4.3.4 Microhardness analysis of stretch-bent samples 
Microhardness was analysed through both the transverse and longitudinal 
sections of the stretch-bent samples since it was expected that the 
longitudinal direction of the sample will likely be strained higher compared to 
its transverse direction. The trend and magnitude of microhardness along the 
transverse and longitudinal directions did not show a significant difference, 
leading to the use of the longitudinal section microhardness data only. Figure 
4.9 shows the microhardness analysis through the thickness section of 
specimen cut from rolling direction samples before forming and after stretch 
bending to 120 mm (FI), 150 mm (FII) and 185 mm (FIII) radii of curvature. 
 
Figure 4.9: Hardness profile through the thickness section of rolling direction samples at 
different levels of forming 
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The negative “distance” along the horizontal axis was taken from zero (the 
mid-thickness) toward the inner curved surface (i.e., within the inner curved 
section), whereas the positive “distance” was considered from zero toward the 
outer curved surface (i.e., within the outer curved section) of the specimen.  
It can be observed in Figure 4.9 that hardness has noticeably increased from 
the core centre to the surface layers of the stretch-bent samples relative to the 
hardness through the thickness section of the plate samples. This increase of 
hardness below the surface layers of stretch-bent samples is to a certain 
extent relative to the strain experienced by the sample during forming. 
Moreover, the hardness increase varies with the direction of the sample as 
shown in Figure 4.10, where the microhardness was analysed through the 
thickness section of specimen cut from 0° (RD), 45°, and 90° (TD) direction 
samples stretch-bent to 150 mm radius of curvature.  
 
Figure 4. 10: Hardness profile through the thickness section of specimen cut from 0°, 45°, 
and 90° samples, stretch-bent to 150 mm radius of curvature 
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It can be observed from Figure 4.10 that hardness of the transverse direction 
samples increased not only below the surface layers up to about 1.1 mm 
depth to that of the rolling and 45° directions, but also increased in the core 
centre, however to a lower magnitude than below the surfaces. This hardness 
increase in the core centre of the transverse direction samples is likely a proof 
that the transverse direction samples, prone to stretchability based on their 
higher n-value, were highly stretched by the clamping force compared to the 
rolling and 45° direction samples, resulting to their entire cross section been 
hardened. The average Vickers hardness numbers of specimen cut from 0°, 
45°, and 90° samples before and after stretch bending are given in Table 4.8. 
Table 4. 8: Average Vickers hardness numbers of the material at different levels of forming  
Sample / specimen status 
Sample direction / HV0.3 
0° 45° 90° 
Parent material 112.75 113.53 118.48 
Stretch-bent sample to 120 mm radius of Curvature 129.50 125.30 129.24 
Stretch-bent sample to 150 mm radius of Curvature 125.62 123.59 130.36 
Stretch-bent sample to 185 mm radius of Curvature 124.69 121.02 119.43 
From Table 4.8, it can be observed that the average hardness of the material 
has slightly increased in the stretch-bent samples compared to the plate 
samples. The transverse direction of the sheet that had higher original 
hardness is also the sheet’s direction along which the highest increase of 
hardness was registered. Though the increase of hardness was mostly 
localised below the surface layers of the specimen up to approximately 1.1 
mm depth, it is clear that 11% average increase of hardness correlate well 
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with 13% average increase of yield strength in the stretch-bent samples 
relative to plate samples. This correlation was accerted based on literature 
[31] from which the hardness increase should be slightly lower to the increase 
of the material’s strength in a cold worked material. 
4.3.5 Charpy impact energy absorbed by the parent material  
Figure 4.11 shows the energy absorbed by the sub-standard Charpy impact 
specimen cut from plate samples of 0°, 45° and 90° directions as described in 
section 3.3.6 at the predetermined temperatures of -60°C, -5°C and 20°C. It is 
important to note that the trend lines connecting the energy absorbed at 
different temperatures are not ideal, given the fact that the ductile-brittle 
transition of a bcc material shows a steeper slope than the trend lines in 
Figure 4.11. However, they will be used to determine the ductile-to-brittle 
transition temperature (DBTT).  
 
Figure 4. 11: The trend of Charpy energy absorbed versus test temperature by the parent 
material 
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The different graphs of energy absorbed plotted with the test temperature are 
available in Appendix F. It can be observed in Figure 4.11 that the trends 
Charpy energy absorbed by the specimen for different directions tend to stay 
constant between -5°C and 20°C, with a slight increase of the energy 
absorbed at -5°C for the RD-PO sample. Within this range of temperature, the 
material exhibits ductile failure as shown by the fractured surfaces in Figure 
4.12. Below -5°C up to -60°C, the energy absorbed decreases, and the 
material transits from ductile to brittle as shown in Figure 4.12. 
 
Figure 4. 12: Fracture surfaces of broken Charpy specimen, a) tested at -60°C, b) tested at 
20°C 
Based on the test done, the transition temperature is likely between -40°C and 
-60°C, as the material exhibited ductile failure at -40°C (with similar broken 
surface to that in Figure 4.12 (b)), and brittle failure at -60°C. It is important to 
note that the Charpy specimen tested at -40°C were for experimental set-up, 
a) b) 
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and the energy absorbed at that temperature is not documented. An attempt 
to analytically determine the temperature at which a normal ductile failure will 
transit to brittle for this material, considering the sub-sized specimen tested 
was carried out. This determination was based on the 40 J absorbed at DBTT  
by the broad range of low carbon steel (LCS) for Charpy specimen of cross 
section 10 x 10 mm as stated in literature [30]. Therefore, the energy 
absorbed per square millimetre at fracture by a LCS would be as:  
4.0
1010
40


   [J/mm2] 
With the sub-standard specimen of 4 x 10 mm used in this study having a 
cross-section of 40 mm2, the specimen should absorb 16 J at fracture as 
according to above: 
164.040     [J] 
From Figure 4.11 the temperature at which 16 J is absorbed is located 
between -50°C and -40°C, depending on the direction of the specimen. It was 
also observed from Figure 4.11 that the transverse direction specimen 
absorbed less energy at all temperatures than did the rolling and 45° direction 
specimen. 
4.3.6 Charpy impact energy absorbed by the stretch-bent material   
Figure 4.13 shows the energy absorbed at -60°C, -5°C and 20°C by the sub-
standard specimen taken from plate and stretch-bent samples to 120 mm, 
150 mm and 185 mm radii of curvature cut along the rolling direction of the 
sheet.  
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Figure 4. 13: Comparing the impact energy absorbed versus test temperature at different 
levels of forming 
From Figure 4.13, it appears that stretch bending did not have the same effect 
on the energy absorbed by the material since it was observed that some 
stretch-bent specimen absorbed less energy than the specimen taken from 
plate samples, while other stretch-bent specimen absorbed more. Though 
there is a lack of consistency in the energy absorbed by the material, it was 
observed that specimen from stretch-bent samples to 150 mm radius of 
curvature had absorbed higher energy at -5°C and 20°C than the specimen 
from stretch-bent samples to 120 mm and 185 mm radius of curvature, 
regardless of their direction as shown in Figure 4.14. 
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Figure 4. 14: Charpy energy absorbed against the level of forming  
It was observed that the slight increase of the energy absorbed at -5°C 
compared to the energy absorbed at 20°C by similar specimen was common 
to all specimen. Figure 4.15 shows the energy absorbed by rolling, 45° and 
transverse direction specimen cut from stretch-bent samples to 120 mm 
radius of curvature. 
It is evident through Figures 4.11, 4.13 to 4.15 that Charpy specimen from 
transverse direction samples absorbed lower energy for each level of forming 
compared to specimen from rolling and 45° direction samples. The lower 
energy absorbed by specimen from transverse direction samples is likely due 
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to the higher hardness and strain-hardening coefficient, n, exhibited by 
samples from that direction. 
 
Figure 4. 15: Impact energy Absorbed by specimen cut from 0°, 45° and 90° direction 
samples which were stretch-bent to 120 mm radius of curvature 
The Charpy energy absorbed by all specimen from stretch-bent samples was 
not greater than that absorbed by specimen from plate samples of similar 
direction. This is likely due to the fact that the core centre where crack 
initiated and propagated for some distance in the Charpy specimen has the 
same strength state for both the plate and stretch-bent samples, since the 
core centre of stretch-bent samples did not yield during forming. 
4.4 MICROSTRUCTURAL ANALYSIS  
The microstructural analysis of the low carbon sheet steel used in this study 
was done for the “as-received” and the stretch-bent material. 
4.4.1 The “as-received” material 
Figure 4.16 shows the typical microstructure of the “as-received” material. 
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Figure 4. 16: Illustrated thickness section’s microstructure along the rolling direction of the 
sheet steel (2% Nital) 
The longitudinal and transverse cross-sections of the sheet material in the 
“as-received” condition were considered for microstructural analysis. No 
noticeable difference was observed between their microstructures. This 
similarity between the two microstructures can justify the low difference 
observed between the other measured characteristics along the rolling, 
transverse and 45° directions of the sheet material. It is clear from this 
microstructure and the quantified mechanical properties that the initial 
anisotropy expected from the sheet material at the beginning of this study is 
negligible. The longitudinal cross-section microstructure in Figure 4.16 shows 
a homogeneous mix of equiaxed ferrite grains with some colonies of pearlite 
(i.e., estimated < 5%). All the investigated microstructures are available in 
Appendix G. The low amount of pearlite in the material is due to its low 
carbon content as revealed by the composition analysis in section 3.3.1. The 
grain size of the original microstructure corresponds with ASTM 8.5 and 
smaller. It was expected that stretch bending will affect this microstructure.  
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4.4.2 Microstructure of the stretch-bent material 
No major microstructural difference was observed through the thickness plane 
of the stretch-bent material relative to the parent material. Since the hardness 
increased below the surface layers of the stretch-bent material, special 
attention was given to the microstructure of these regions. The investigation of 
these specific regions showed no difference either as shown in Figure 4.17.  
 
Figure 4. 17: Top edge micrograph of longitudinal section of a rolling direction sample, 
stretch-bent to 120 mm radius of curvature (2% Nital) 
The longitudinal and transverse cross-sections  of stretch-bent samples from 
all directions at different radii of curvature were considered; microstructures 
are available in Appendix G.  
4.5 RESIDUAL STRESSES  
According to ASTM E837-08, the following information should be included 
when reporting on residual stress analysis: 
 Description of test specimen  
 Material 
Through 
thickness 
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 Pertinent mechanical properties 
 Model and type of strain gauge used  
 Strain gauge geometry 
 The method used to drill the hole 
 Tabulation of strain e1, e2, e3 at all locations 
 Plot of strain versus depth for each gauge, and 
 Tabulation of stresses and direction of stresses at all locations 
Most of the required information has already been given in Chapter 3. This 
section will therefore only concentrate on the last two points above. Also, the 
strain e1, e2, e3 at all locations with the magnitude and direction of the 
principal relieved stresses as calculated according to the non-uniform ASTM 
E837-08 are tabulated in Appendix H.  
4.5.1 Plate samples 
The maximum and minimum principal relieved residual stresses in original 
plate samples for rolling, 45° and transverse directions are given in Table 4.9. 
Table 4. 9: Maximum and Minimum principal stresses relieved in original plate samples 
Sample Direction 0° 45° 90° 
Max. relieved residual stress, MPa -23.95 -38.64 -29.69 
Min. relieved residual stress, MPa -5.09 -8.43 -1.57 
The values in Table 4.9 obtained from the data generated in Appendix H 
indicate that residual stress in the parent material is essentially compressive 
and of low magnitude compared to the original yield strength of the material. 
The maximum residual stress relieved in the parent material as given in Table 
4.9 represent approximately 9%, 14% and 11% of the original yield strength, 
respectively along the rolling, 45° and transverse direction of the sheet. It was 
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observed from the test that the bulk residual stress magnitude was fully 
relieved at the depth of 1 mm below the surface layer of the plate samples. 
From the residual stresses in Table 4.9, the tensile properties in Table 4.5 and 
the microstructure in section 4.4, it is likely that the hot-rolled sheet steel used 
in this study was in the annealed condition as referred to SAE/AISI 
specifications of 1008 steel grade. The parent material residual stress state 
will however be affected by the stretch-bending technique. 
4.5.2 Residual stress in the stretch-bent samples 
For a clear representation of the relieved residual stresses, this section will be 
divided in two sub-sections: (1) the compressed section, referred to as inner 
curved section, and (2) the tensile stressed section or outer curved section. 
4.5.2.2 The inner curved section 
Figure 4.18 shows the curves of relaxed strains measured opposite to the 
sample’s apex plotted with the hole depth for a 45°D-FI sample (i.e., 45° 
direction sample stretch-bent to 120 mm radius of curvature).  
It can be observed from Figure 4.18 that the measured strain is tensile along 
the longitudinal and 45° directions of the sample (measured by gauges 1 & 2), 
but compressive along its transverse direction (measured by gauges 3). The 
strain values measured in the inner curved section of the stretch-bent 
samples shows a significant increase compared to the plate samples, in 
particular along its longitudinal and transverse directions. The higher increase 
of the relaxation strain along the longitudinal direction of the stretch-bent 
samples relative to its other directions could be considered as an evidence of 
the plain-strain condition for the stretch-bending technique used in this study.    
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Figure 4. 18: Strain relaxation curve as a function of drilling depth through the inner curved  
section of 45°D-FI sample 
Figure 4.19 shows the maximum and minimum principal relieved residual 
stresses calculated according to the non-uniform ASTM E837-08 plotted 
versus the hole depth.  
 
Figure 4. 19: Graph of relieved residual stress versus hole depth through the inner curved 
section of 45°D-FI sample 1 
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The maximum relieved residual stresses in the inner curved section of the 
stretch-bent samples are tensile, whereas the minimum relieved residual 
stresses are compressive. This trend was common to all stretch-bent samples 
considering the different radii of curvature. The maximum relieved residual 
stresses in the inner curved sections of the stretch-bent samples are plotted 
with the hole depth as shown in Figure 4.20. 
 
Figure 4. 20: The maximum relieved residual stresses in the inner curved sections of the 
stretch-bent samples considering the different radii of curvature 
It can be observed from Figure 4.20 that the bulk residual stress magnitude 
was relieved at around 1.1 mm depth below the inner curved surfaces of the 
stretch-bent samples. The maximum and minimum relieved residual stresses 
in the inner curved section of the stretch-bent samples are given in Table 
4.10. The values in Table 4.10 were obtained from the data generated in 
Appendix H. 
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Table 4. 10: Maximum and Minimum principal residual stresses relieved in the inner curved 
section of the stretch-bent samples 
Stretch-bent samples to 120 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa) 82.91 57.73 106.45 
Minimum Stress (MPa)  -31.85 -25.64 -6.77 
Stretch-bent samples to 150 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa)  43.20 49.75 48.68 
Minimum Stress (MPa)  -21.15 -10.81 -10.99 
Stretch-bent samples to 185 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa)  65.86 92.50 63.95 
Minimum Stress (MPa)  -14.27 -23.48 -16.42 
It was observed from the values in Table 4.10 that the relieved residual 
stresses in the inner curved sections of stretch-bent samples are 
predominantly tensile and varies in magnitude with the direction and the 
radius of curvature of the sample. 
4.5.2.1 The outer curved section  
Figure 4.21 shows the curves of relaxed strains measured on the sample’s 
apex plotted with the hole depth for a 45°D-FI sample (i.e., 45° direction 
sample stretch-bent to 120 mm radius of curvature). 
It can be observed from Figure 4.21 that the measured strain is tensile along 
the longitudinal, 45° and transverse directions of the sample throughout the 
hole depth. This was the case for all relaxation strains measured in the outer 
curved section of the stretch-bent samples. The strain-values measured in the 
stretch-bent samples show a significant increase compared to the plate 
samples, in particular along the transverse direction of the sample (i.e., 
measured by Gauge 3).  
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Figure 4. 21: Strain relaxation curve as a function of drilling depth through the outer curved 
section of 45°D-FI sample  
Figure 4.22 shows the maximum and minimum principal relieved residual 
stresses calculated according to the non-uniform ASTM E837-08 plotted 
versus the hole depth.  
 
Figure 4. 22: Graph of relieved residual stress versus hole depth through the outer curved 
section of 45°D-FI sample 1 
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The bulk residual stress magnitude was relieved at approximately 1.2 mm 
depth in the outer curved sections of the stretch-bent samples as shown in the 
below Figures. The maximum relieved residual stress in the outer curved 
sections of the stretch-bent samples are plotted with the hole depth as shown 
in Figure 4.23. 
 
Figure 4. 23: The maximum relieved residual stresses in the outer curved sections of stretch-
bent samples considering the different radii of curvature 
The maximum and minimum relieved residual stresses in the outer curved 
sections of stretch-bent samples are given in Table 4.11. The values in this 
Table were obtained from the data generated in Appendix H. It was observed 
from these values that the relieved residual stresses in the outer curved 
sections of stretch-bent samples are essentially compressive and varies in 
magnitude with the direction and the radius of curvature of the sample. 
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Table 4. 11: Maximum and Minimum principal residual stresses relieved in the outer curved 
section of the stretch-bent samples 
Stretch-bent samples to 120 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa) -117.43 -177.76 -152.65 
Minimum Stress (MPa) -22.10 -61.43 -53.24 
Stretch-bent samples to 150 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa) -60.38 -106.35 -138.17 
Minimum Stress (MPa) -11.55 -40.29 -34.04 
Stretch-bent samples to 185 mm radius of curvature 
Sample Direction 0° 45° 90° 
Maximum Stress (MPa) -89.98 -132.15 -117.74 
Minimum Stress (MPa) -35.88 -37.21 -27.88 
From the relieved residual stress values through Tables 4.9 to 4.11,  it is clear 
that residual stress magnitudes have significantly increased in the stretch-
bent samples relative to plate samples. This increase of residual stress 
magnitudes was not consistent from the plate samples to the “higher” radius 
of curvature of 120 mm, between the different directions considered but, to a 
certain extent, the residual stress magnitude did increase with the magnitude 
of plastic deformation as shown in 4.24, where the relieved residual stress 
values are plotted with the strain experienced by the sample during forming. 
From Figure 4.24, there is good relationship between the recorded strain and 
the relieved residual stress magnitude in the outer curved section of the 
samples. This shows that higher forming strains corresponded to higher 
relieved residual stress magnitudes in that section of the sample. 
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Figure 4. 24: Residual stress variation as a function of strain experienced by the samples 
during forming 
The relieved residual stress values in Tables 4.10 and 4.11 could be 
summarized as follows: 
 The maximum principal relieved residual stresses in the inner and outer 
curved sections of stretch-bent samples are respectively tensile and 
compressive with a considerable difference in their magnitudes (the 
compressive stresses greater than the tensile); 
 The maximum and minimum relieved residual stresses in the outer curved 
sections are both compressive while the maximum relieved stress in the 
inner curved sections is tensile and the minimum relieved stress is 
compressive. 
From this summary, it can be concluded that the outer fibres of the stretch-
bent material (in the inner and outer curved sections) that did yield around the 
core centre which remained elastic were unsymmetrical. The yielded fibres in 
the outer curved sections of the stretch-bent samples were deeper into the 
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material below the surface than those of the inner curved sections based on 
the magnitude and depth at which the bulk residual stresses were relieved in 
the samples ( around 1.2 mm and 1.1 mm respectively). 
The maximum principal relieved residual stresses in the inner and outer 
curved sections of the stretch-bent samples are compared to the parent 
material yield strength as given in Tables 4.12. 
Table 4. 12: Weight percent of maximum relieved residual stress relative to the parent 
material yield strength 
Stretch-bent samples to 120 mm radius of curvature 
 Inner curved section Outer curved section 
Sample Direction 0° 45° 90° 0° 45° 90° 
% (Relieved residual stress 
/ yield strength) 
29.51 21.22 41.75 41.79 65.35 59.86 
Stretch-bent samples to 150 mm radius of curvature 
 Inner curved section Outer curved section 
Sample Direction 0° 45° 90° 0° 45° 90° 
% (Relieved residual stress 
/ yield strength) 
15.37 18.29 19.09 21.49 39.01 54.18 
Stretch-bent samples to 185 mm radius of curvature 
 Inner curved section Outer curved section 
Sample Direction 0° 45° 90° 0° 45° 90° 
% (Relieved residual stress 
/ yield strength) 
23.44 34.10 25.08 32.02 48.58 46.17 
It was observed from Table 4.12 that the relieved residual stresses in the 
inner curved sections are of lower magnitude compared to the relieved 
residual stresses in the outer curved sections. According to ASTM E837-08, 
the residual stress values obtained in this study are trustworthy since they all 
represent except in one case less than 60% of the parent material yield 
strength. 
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4.6 RELATING THE PROCESS EFFECTS  
The objective of this section is to establish relationships between the 
characteristics investigated in the plate and stretch-bent samples, namely 
micro- structure and hardness, Charpy energy absorbed, residual stresses 
and the strain experienced by the samples during forming. This will lead to 
draw conclusions between the various trends of these characteristics 
considering the different directions of the sheet material. 
4.6.1 Microhardness and residual stress  
It is well documented that there is a correlation between residual stress 
magnitude and hardness. Figure 4.25 shows Vickers hardness and the 
relieved residual stress as a function of depth through the outer curved 
sections of 45° direction sample stretch-bent to 120 mm radius of curvature 
on the same graph.  
 
Figure 4. 25: Plot of relieved residual stress and Vickers hardness as a function of depth 
through the outer curved sections of 45°D-FI samples 
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Similar trend was observed between hardness and residual stress through the 
outer curved sections of the rolling and transverse direction samples. As in 
Figure 4.25, it was observed that the sample which showed a steep residual 
stress gradient also exhibited a steep hardness gradient from the surface 
layers up to the depth of approximately 1.1 mm where the bulk residual stress 
was relieved. 
Similar trend was observed between hardness and the relieved residual 
stress in the inner curved section of the stretch-bent samples as shown in 
Figure 4.26. 
 
Figure 4. 26: Plot of relieved residual stress and Vickers hardness as a function of depth 
through the inner curved sections of 45°D-FI samples 
From Figures 4.25 & 4.26, it can be observed that hardness increased 
noticeably in the stretch-bent samples from around 1.1 mm depth below the 
surface to the surface layers compared to the core centre of the samples and 
to the entire thickness section of the plate samples (see section 4.3.4). It is 
clear from the unchanged hardness in the core centre and the bulk relieved 
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residual stress magnitude at approximately 1.1 mm depth below the surface 
layers that there is a section of the material in the stretch-bent samples that 
remained elastic after forming.   
An attempt to compare the variation trend of the average hardness between 
the levels of forming, considering the different directions of the sheet material, 
to that of the maximum relieved residual stress magnitude was carried out as 
shown in Figure 4.27. 
 
Figure 4. 27: Variation trend of the average hardness and the maximum relieved residual 
stress in the inner curved section of stretch-bent samples at different levels of forming 
 It is clear from Figure 4.27 that the average hardness through the thickness 
section of the stretch-bent samples increased slightly as expected with the 
radius of curvature from the plate samples to the highest radius of 120 mm, 
except for the transverse direction samples which hardness of the stretch-
bent to 120 mm radius of curvature was slightly lower to that of the 150 mm 
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radius of curvature sample. The relieved residual stress magnitude in the 
inner curved section shown in Figure 4.27 also increased as hardness 
increased considering the plate samples to the stretch-bent samples to 185 
mm radius of curvature, then it decreased to the stretch-bent samples to 150 
mm, before increasing again in the stretch-bent samples to 120 mm radius of 
curvature. The unexpected variations observed with the relieved residual 
stress magnitudes between the different radii of curvature, in particular its 
decrease for the stretch-bent samples to 150 mm radius of curvature are likely 
due to the different distances between the punch’s tip and the sample during 
forming (see section 3.4.4.1) which probably influenced the induced residual 
stresses into the stretch-bent samples. Similar trend was observed between 
the average hardness through the thickness section of the samples and the 
maximum relieved residual stress magnitude in the outer curved section of the 
samples as shown in Figure 4.28. 
It was however observed that the relieved residual stresses in the outer 
curved section of the transverse direction samples has steadily increased in 
the outer curved section from the plate samples to the stretch-bent samples to 
120 mm radius of curvature. This steady increase of relieved residual stress in 
the outer curved section of the transverse direction samples associated to 
their response to hardness indicate to a certain extent that the transverse 
direction samples’ response to stretch-bending can be unpredictable as 
compared to the rolling and 45° direction samples. 
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Figure 4. 28: Variation trend of the average hardness and the maximum relieved residual 
stress in the outer curved section of stretch-bent samples at different levels of forming  
4.6.2 Charpy energy absorbed and microhardness 
It was expected that the impact toughness of the material after plastic 
deformation by cold work (stretch-bending) unlike its hardness will decrease 
and this will be proportional to the magnitude of the deformation. Figure 4.29 
shows the variation trends of the average hardness through the thickness 
section of the samples and the Charpy energy absorbed at 20°C considering 
samples from different directions at all levels of forming. It is clear from Figure 
4.29 that only the energy absorbed by Charpy specimen taken from rolling 
and 45° direction samples stretch-bent to 185 mm and 120 mm radii of 
curvature were lower than that absorbed by the specimen taken from plate 
samples of those directions. The energy absorbed by all specimen taken from 
the stretch-bent samples of transverse direction increased to the specimen 
taken from plate samples. Moreover, the energy absorbed by specimen taken 
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from stretch-bent samples to 150 mm radius of curvature has particularly 
increased compared to that absorbed by specimen taken from plate samples 
of similar direction.  
 
Figure 4. 29: Variation trend of the average hardness and the energy absorbed at 
20°C at different levels of forming 
Though there were inconsistencies in the variation trends of hardness and the 
energy absorbed, in particular for the transverse direction samples, it could be 
observed that samples which the energy absorbed increased most (45° 
direction) had lower hardness increase, whereas those which hardness 
increased most (rolling direction) had minor increase of the energy absorbed. 
Similar trend was observed between hardness and the energy absorbed at     
-5°C as shown in Figure 4.30. The energy absorbed at -60°C was for all 
Charpy specimen around 1 J (see Table 4.13), therefore any energy absorbed 
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disparity was observed between the specimen from plate and stretch-bent 
samples.  
 
Figure 4. 30: Variation trend of the average hardness and the energy absorbed at -
5°C at different levels of forming 
The low difference observed between the energy absorbed at 20°C and -5°C 
by specimen taken from plate and stretch-bent samples is likely due to the 
presence of a core centre that did not yield (i.e., having the same toughness 
as the plate samples’ specimen) in the stretch-bent samples, based on the 
microhardness and relieved residual stress profiles.  
4.6.3 The Charpy energy absorbed and residual stress 
The Charpy energy absorbed evaluated together with the relieved residual 
stress magnitude is an attempt to find how these two characteristics 
measured in the “as-received” material were affected by the stretch-bending 
technique used in this study. The compressive residual stress of low 
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magnitude relieved in the “as-received” material was linked to the higher 
energy absorbed by the Charpy specimen from rolling and 45° direction 
samples in particular. Later in the stretch-bent samples, the magnitude of 
relieved residual stress increased significantly relative to the strain 
experienced by the sample during forming as shown in Figures 4.24. The 
variation of the energy absorbed between the radii of curvature is of lower 
magnitude relative to the relieved residual stress in the outer curved section of 
the stretch-bent samples that it follows the trend as shown in Figures 4.31.  
 
Figure 4. 31: Variation trend of Charpy energy absorbed at 20°C and the maximum relieved 
residual stress in the outer curved section of stretch-bent samples at different levels of 
forming 
Similar trend was observed between the Charpy energy absorbed at -5°C and 
the relieved residual stress in the outer curved section of the stretch-bent 
samples as shown in Appendix I. Evaluation of Charpy energy absorbed and 
the relieved residual stress magnitude in the inner curved section was carried 
out as shown in Figure 4.32. 
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Figure 4. 32: Variation trend of the Charpy energy absorbed at -5°C and the maximum 
relieved residual stress in the inner curved section of stretch-bent samples at different levels 
of forming 
It is clear from Figures 4.31 & 4.32 that in the inner curved section of the 
stretch-bent samples, the relieved residual stress magnitude varies in the 
opposite direction of the energy absorbed, whereas the relieved residual 
stress and the energy absorbed vary alike in the outer curved section of the 
stretch-bent samples. Also, lower relieved residual stress magnitude tends to 
correspond with higher energy absorbed. Similar trend was observed between 
the Charpy energy absorbed at 20°C and the relieved residual stress in the 
inner curved section of the stretch-bent samples as shown in Appendix I. 
4.6.4 Relationship between the recorded strain, the relieved residual 
stress, the energy absorbed and microhardness 
Only the strain measured by strain gauge 1 on the sample’s apex was used in 
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residual stress magnitude in Appendix H and hardness were also in that  
region. These measured material’s characteristics were quantified as given in 
Table 4.13.  
Though there was a considerable level of inconsistencies with the measured 
characteristics between the radii of curvature and among the directions of the 
sheet considered in this study, it could be observed through the Chapter and 
in the values in Table 4.13 that samples for which higher strain was measured 
during forming were not those which absorbed higher Charpy energy, but they 
relieved higher residual stress magnitude and exhibited a slight increase of 
hardness compared to the plate samples.   
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Table 4. 13: Average strain recorded by gauge 1 of stretch-bent samples, the maximum residual stress in their inner and outer curved sections, hardness and 
the Charpy energy absorbed 
Rolling Direction 
Level of forming 
Recorded Strain 
(µε), Gauge 1 
Outer Max. R. 
Stress, MPa 
Inner Max. R. 
Stress, MPa 
Av. Hardness, 
HV0.3 
Charpy energy (J), 
20°C 
Charpy energy (J), 
-5°C 
Charpy energy (J), 
-60°C 
Plate sample 0 -24 -24 113 56 62 0 
120 mm radius 
of Curvature 44423 -117 83 130 56 56 2 
150 mm radius 
of Curvature 34581 -60 43 126 57 66 1 
185 mm radius 
of Curvature 27493 -90 66 125 54 56 1 
45° Direction 
Level of forming 
Recorded Strain 
(µε), Gauge 1 
Outer Max. R. 
Stress, MPa 
Inner Max. R. 
Stress, MPa 
Av. Hardness, 
HV0.3 
Charpy energy (J), 
20°C 
Charpy energy (J), 
-5°C 
Charpy energy (J), 
-60°C 
Plate sample 0 -39 -39 114 58 59 0 
120 mm radius 
of Curvature 45796 -178 58 125 57 61 1 
150 mm radius 
of Curvature 39863 -106 50 124 60 72 1 
185 mm radius 
of Curvature 29283 -132 93 121 57 57 1 
Transverse Direction 
Level of forming 
Recorded Strain 
(µε), Gauge 1 
Outer Max. R. 
Stress, MPa 
Inner Max. R. 
Stress, MPa 
Av. Hardness, 
HV0.3 
Charpy energy (J), 
20°C 
Charpy energy (J), 
-5°C 
Charpy energy (J), 
-60°C 
Plate sample 0 -30 -30 118 47 47 0 
120 mm radius 
of Curvature 48544 -153 106 129 49 51 1 
150 mm radius 
of Curvature 30229 -138 49 130 52 60 1 
185 mm radius 
of Curvature 26750 -118 64 119 50 48 2 
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Figure 4.33 correlates the measured characteristics at different radii of 
curvature for samples taken along the rolling direction of the sheet. Similar 
graphs were plotted for 45° and transverse direction samples an available in 
Appendix I 
 
Figure 4. 33: correlation between the measured strain, the average energy absorbed, 
microhardness and the relieved residual stress  
It is clear from Figure 4.33 that the recorded strain during forming tends to 
vary alike with the average hardness and the relieved residual stress in the 
inner curved section of the stretch-bent samples, but opposite to the relieved 
residual stress in the outer curved section of the stretch-bent samples. Among 
the samples, those from the rolling and 45° directions of the sheet had more 
consistency between the measured characteristics. Moreover, the rolling 
direction samples had good hardness increase and higher yield and tensile 
strength with moderate and well balanced residual stresses compared to 45° 
direction samples and to a lesser extent to those from transverse direction.   
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4.7 SUMMARY 
It is evident from these results that it was possible to stretch-bent low carbon 
steel samples in a single-action mechanical press while measuring the strain 
they experienced during forming. The optimum set of parameters considered 
for this study was limited by the available equipment as described in Chapter 
3, but also driven by the production of the intended radii of curvature. 
However, the planned radii of curvature were all obtained and measurable 
changes were induced in the stretch-bent material compared to the parent 
material. Changes in the microstructure were not noticeable under the optical 
microscope. Specimen for Charpy impact test were cut from the plate and 
stretch-bent samples considering the different directions and radii of 
curvature. This resulted to Charpy specimen from the stretch-bent samples 
having a slight higher moment of inertia since curved, and likely another 
reason for some of them absorbing greater energy. However, the material is 
quite resilient and exhibits its DBTT between -50°C and -40°C. It is evident 
that residual stress analysis is a very complex process. However, it was found 
that the residual stress distribution profile is totally different between the inner 
and outer curved sections of the stretch-bent samples. Very low and mostly 
compressive in the plate samples, the residual stress in the outer curved 
section of the stretch-bent was compressive, whereas it was tensile in the 
inner curved section. With the average relieved residual stress valued well 
below 60% of the yield strength of the parent material, the hole-drilling results 
are trustworthy, in particular because the “type A rosette” known to be the 
most appropriated for this material at the drilled depth of 0.4D was used. A 
comprehensive correlation in distribution profile was obtained between 
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microhardness and relieve residual stress distribution both with the inner and 
outer curved sections. This indicates that an increase of hardness below the 
surface layers up to 1.1 mm depth indicates an increase in residual stress 
magnitude within that region of the material. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
5.1 EXPERIMENTAL PROCESS 
This research project aimed to characterise the structural integrity of stretch-
bent samples of dimensions 200 x 50 x 4 mm, cut from AISI 1008 sheet steel 
to angles of 0°, 45°, and 90° to the rolling direction of the sheet. The strain 
they experienced while being formed in a single action mechanical press was 
measured at two different locations and the maximum strain value always 
recorded on the sample’s apex was considered and used to calculate the 
stress induced into the samples by the stretch bending technique as applied 
in this study. Identical samples to those bent while being clamped (i.e., stretch 
bending) were bent in the unclamped condition (i.e., pure bending), with 
identical stroke length to assess the effect of the clamping force. 
The microstructure of the material was investigated before and after forming, 
as well as hardness, the impact energy absorbed and residual stress. Charpy 
impact specimen were cut from plate and stretch-bent samples to determine 
the impact energy absorbed by the material at predetermined temperatures of 
-60°C, -5°C and 20°C. 
Microhardness analysis was carried out through the longitudinal and 
transverse sections of the samples. The hole-drilling strain gauge method was 
used to determine residual stress profiles in the plate and stretch-bent 
samples. Tensile properties extended to the strain-hardening exponent, n, and 
the strength coefficient, K, were investigated in the “as-received” material. The 
yield and tensile strength of the stretch-bent material were then calculated 
from relationships between hardness and strength.  
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5.2 CONCLUSION 
In this research work it was shown that the strain could be measured on the 
samples while they were formed using HBM foil strain gauges, type 3/120 
LY41-3-1M and the SoMat eDAQ data acquisition system. The type of strain 
gauge, its bonding to the sample, the type of circuit and the selection of the 
accurate sampling rate to timely record the strain at the high speed of the 
forming process were met. The stroke length of the ram/punch and the 
clamping torque on the jig were varied to achieve the intended radii of 
curvature. 
The energy/stress that induced shape change to samples was transferred by 
the punch at the middle of the length-thickness (200 x 50 mm) plane of the 
sample where contact is first made between punch and sample and, it 
spreads internally throughout the material, losing its intensity as the contact 
zone between the punch and the sample becomes greater. Thus, the 
maximum stress was recorded by gauge 1 located on the middle of 200 x 50 
mm plane and subsequent apex. The effect of the clamping torques has 
resulted in significant difference between pure and stretch bending, with some 
stretch-bent samples experiencing 40% higher strain than pure bent samples 
of identical radius of curvature. 
Yield strength, tensile strength and hardness had all increased in the stretch-
bent material compared to the “as-received” material to a maximum 13%. The 
highest increase of the investigated properties was registered with samples 
formed to 120 mm radius of curvature, in particular the samples taken along 
the rolling direction of the sheet. An average increase of hardness was 
approximately 11%, and that of the strength about 13%. With respect to its 
            CHAPTER 5  CONCLUSION AND FUTURE WORK 
~ 124 ~ 
 
high ductility, the low carbon steel used in this study would have successfully 
been formed to radii of curvature “smaller” than 120 mm. The relieved residual 
stress magnitude is quite significant in the stretch-bent samples with 
reference to the original yield strength of the material, but its compressive and 
tensile status respectively in the outer and inner curved sections leads to a 
well balanced residual stress state. 
5.3 FUTURE WORK 
 Proportionality between the stroke lengths, the clamping torques and the 
intended radii of curvature should be established to expect the amount of 
energy transferred to the sample by the punch following a steady variation 
between the radii of curvature. It will then be expected that the subsequent 
changes of microstructure and other properties will be consistent between 
the radii of curvature. 
 Radii of curvature “smaller” than 120 mm could have been investigated, to 
expect significant changes in the microstructure and other properties of 
this very ductile and resilient material, for which the bendability limit was 
far to be reached with the explored radii of curvature.  
 The use of a mobile jig and a pre-set torque wrench in place of a hydraulic 
clamping device for instance, capable to express higher and changeable 
clamping torque on the form sample made it difficult to set the appropriate 
clamping torque of a certain magnitude and corresponding the right stroke 
length. 
 Plate and curved Charpy specimen cut from plate and stretch-bent 
samples respectively which likely have different moment of inertia were 
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tested under similar conditions and the results plotted without considering 
the influence of the different moment of inertia, made it difficult to draw a 
reasonable conclusion over the Charpy energy behaviour of the material.  
 Knowing the normal anisotropy value, R, as it is the case for the strain-
hardening exponent, n, would have been helpful to predict and analysed 
the response of the three directions of the sheet considered in this study. 
Likely the R-value would lead to predict the behaviour of each direction 
regarding the bending force (drawing) which was crucial in the forming 
process of those samples as compared to the clamping force.  
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APPENDIXES 
Appendix A: Spectrographic Analysis 
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Appendix B: Numerical Coefficients  ̅ and  ̅ 
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Appendix C: Examples of Curves of strain versus time measured on the apex and 30 
mm away on the sample being formed with the SoMat eDAQ System 
Stretch bending of TD-FI sample 2, strain gauge 1 
 
Stretch bending of TD-FI sample 2, strain gauge 2 
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Stretch bending of TD-FI sample 1, strain gauge 1 
 
Stretch bending of TD-FI sample 1, strain gauge 2 
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Stretch bending of 45°D-FI sample 1, strain gauge 1 
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Stretch bending of 45°D-FI sample 1, strain gauge 2 
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Stretch bending of 45°D-FI sample 2, strain gauge 2 
 
Stretch bending of RD-FI sample 2, strain gauge 1 
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Stretch bending of RD-FI sample 2, strain gauge 2 
 
Stretch bending of RD-FI sample 1, strain gauge 1 
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Stretch bending of RD-FI sample 1, strain gauge 2 
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Pure bending of TD-FI strain gauge 2 
 
Pure bending of TD-FI strain gauge 2 
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Pure bending of RD-FI strain gauge 1 
 
Pure bending of RD-FI strain gauge 2 
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Pure bending of 45°D-FI strain gauge 1 
 
Pure bending of 45°D-FI strain gauge 2 
 
 
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
8.82 8.84 8.85 8.87 8.88 8.90 8.91 8.93 8.94 8.96 8.97
St
ra
in
, [
µ
m
/m
] 
Time, secs 
ɛmax=41805.06 µm/m 
0
2000
4000
6000
8000
10000
12000
14000
16000
8.82 8.84 8.85 8.87 8.88 8.90 8.91 8.93 8.94 8.96 8.97
St
ra
in
, [
µ
m
/m
] 
Time, secs 
ɛmax=14034.96 µm/m 
            APPENDIX C   
~ 146 ~ 
 
 
            APPENDIX C         
~ 147 ~ 
 
Maximum Strain values recorded from with the SoMat eDAQ on the gauged samples 
Strain values (in µε) induced into unclamped samples during forming at 120 mm radius of curvature 
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FI, Pure bending 37228 14646 
 
Strain gauge 1 
was at the center 
of the sample 
991 
RD-FI, Pure bending 40650 14001 
 
980 
45°D-FI, Pure bending 41805 14035 
 
964 
Strain values (µε) induced into unclamped samples during forming at 150 mm radius of curvature 
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FII, Pure bending 25211 18652 
 
Strain gauge 2 
was on the right 
of gauge 1, 30mm 
702 
RD-FII, Pure bending 33877 
 
22663 701 
45°D-FII, Pure bending 24282 
 
23018 753 
Strain values (µε) induced into unclamped samples during forming at 185 mm radius of curvature 
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FIII, Pure bending 16074 
 
15078 Strain gauge 3 
was on the left of 
gauge 1, 30 mm 
1233 
RD-FIII, Pure bending 16765 
 
15610 1244 
45°D-FIII, Pure bending 20336 11379 
 
1240 
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Strain values (in µε) induced into the stretch-bent samples during forming at 120 mm radius of curvature 
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FI, 1 52454 
 
32276 Gauge 3 was 35 mm 
away from gauge 1 
 
TD-FI, 2 44634 16916 
 
1029 
Average strain value / position 48544 16916 
  
1029 
RD-FI, 1 44473 11767 
   
RD-FI, 2 44373 23081 
   
Average strain value / position 44423 17424 
   
45°D-FI, 0 53409 35897 40537 Gauges 2&3 were35 mm 
away from gauge 1 
 
45°D-FI, 1 48807 13804 
 
1281 
45°D-FI, 2 42786 
   
1067 
Average strain value / position 45796 13804 
  
1174 
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Strain values (in µε) induced into the stretch-bent samples during forming at 150 mm radius of curvature  
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FII, 1 30164 14498 18498 
 
1214 
TD-FII, 2 30293 
 
19477 
 
1213 
Average strain value / position 30229 14498  18988 
 
1213 
RD-FII, 0 
  
23570 
 
665 
RD-FII, 1 32297 
 
23756 
 
687 
RD-FII, 2 36864 16141 
  
702 
Average strain value / position 34581 16141 23663 
 
684 
45°D-FII, 0 45853 11559 
 
The discrepancy 
between “0” & “1” 
led to a 3rd test  
1199 
45°D-FII, 1 40175 
 
30054 667 
45°D-FII, 2 33563 10904 
 
758 
Average strain value / position 39863 11232 30054 
 
875 
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Strain values (in µε) induced into the stretch-bent samples during forming at 185 mm radius of curvature 
Sample Direction Strain gauge 1 Strain gauge 2 Strain gauge 3 Observation Shaft’s gauge 
TD-FIII, 1 31011 14005 
  
1271 
TD-FIII, 2 22490 14980 
  
1220 
Average strain value / position 26750 14492 
  
1246 
RD-FIII, 1 27578 12751 
  
1267 
RD-FIII, 2 27409 11313 14350 
 
1219 
Average strain value / position 27493 12032 
  
1243 
45°D-FIII, 1 32747 15906 
  
1270 
45°D-FIII, 2 25819 15961 
  
1198 
Average strain value / position 29283 15934 
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Appendix D: Calculation sheet of n and K (stress in MPa and strain in µε)  
 
True Stress, σi Y = Log10σi Y
2 True Strain, ɛi X= Log10 ɛi X
2 XY 
45° 
292 2.47 6.08 0.03 -1.52 2.32 -3.75 
312 2.49 6.22 0.04 -1.40 1.95 -3.49 
328 2.52 6.33 0.05 -1.30 1.69 -3.27 
339 2.53 6.40 0.06 -1.22 1.49 -3.09 
353 2.55 6.49 0.07 -1.15 1.33 -2.94 
 
ΣY ΣY2 
 
ΣX ΣX2 ΣYX 
 
12.55 31.52 
 
-6.60 8.79 -16.55 
n-value 0.2204 
TD 
291 2.46 6.07 0.03 -1.52 2.32 -3.75 
312 2.49 6.22 0.04 -1.40 1.95 -3.49 
329 2.52 6.34 0.05 -1.30 1.69 -3.27 
341 2.53 6.41 0.06 -1.22 1.49 -3.09 
353 2.55 6.49 0.07 -1.15 1.33 -2.94 
 
ΣY ΣY2 
 
ΣX ΣX2 ΣYX 
 
12.56 31.53 
 
-6.60 8.79 -16.55 
n-value 0.2272 
RD 
318 2.50 6.26 0.04 -1.40 1.95 -3.50 
334 2.52 6.37 0.05 -1.30 1.69 -3.28 
347 2.54 6.45 0.06 -1.22 1.49 -3.10 
357 2.55 6.52 0.07 -1.15 1.33 -2.95 
368 2.57 6.58 0.08 -1.10 1.20 -2.81 
 
ΣY ΣY2 
 
ΣX ΣX2 ΣYX 
 
12.69 32.18 
 
-6.17 7.68 -15.65 
n-value 0.2084 
Direction n b K [MPa] 
45° 0.22 2.80 633.11 
TD 0.23 2.81 647.11 
RD 0.21 2.79 622.78 
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Appendix E: Analysis of the microhardness values across the through section 
specimen 
Curves of microhardness analysis through the thickness of parent material specimen 
cut at 0°, 45° and 90° to the rolling direction of the sheet material. 
 
Subsequent increase hardness of the material for the different directions: 
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45° Direction 
 
 
Transverse Direction 
 
100
115
130
145
-1.8 -1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5 1.8
H
a
rd
n
es
s 
V
ic
k
er
s,
 H
V
0
.3
 
Depth, mm 
45deg.D-P0 45deg.D-FI 45deg.D-FII 45deg.D-FIII
100
113
125
138
150
-1.8 -1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5 1.8
H
a
rd
n
es
s 
V
ic
k
er
s,
 H
V
0
.3
 
Depth, mm 
TD-P0 TD-FI TD-FII TD-FIII
            APPENDIX E    
~ 154 ~ 
 
Level of forming and the subsequent increase hardness of the material when the 
different directions are compared to one another for the same level of forming 
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Appendix F: Impact energy absorbed versus test temperature 
Impact Energy Absorbed by the parent material for the different directions considered 
for this study plotted with the test temperature 
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Impact Energy Absorbed plotted with the test temperature to check the subsequent 
change in the absorbed energy of the different directions 
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Impact Energy Absorbed plotted with the test temperature to compare the response of the 
different directions at the same level of forming 
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Appendix G: Microstructure of the low carbon steel at different levels of forming 
45°D-FII, bottom edge (2% Nital) 
  
45°D-FII, top edge (2% Nital) 
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RD-P0, edge section for grain number determination (2% Nital) 
 
RD-FI, middle section microstructure, on transverse section specimen (2% Nital) 
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RD-FIII, bottom edge (2% Nital) 
 
TD-P0, middle section specimen (2% Nital) 
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45°D-P0, middle section specimen (2% Nital) 
 
RD-FIII, top edge, transverse section (2% Nital) 
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TD-FIII, bottom edge, transverse section (2% Nital) 
 
TD-FIII, middle section microstructure (2% Nital) 
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TD-P0, middle section specimen (2% Nital) 
 
45°D-FIII, middle section specimen (2% Nital) 
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Appendix H: Relieved Residual Stress and the Orientation angle of the Maximum 
Principal stress relative to gauge 1 
45°D-P0, Inner/Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 10.109 11.301 9.531 -10.40 -8.87 -84.48 
0.1 11.173 12.606 9.901 -11.44 -9.24 -81.46 
0.15 13.324 14.843 12.168 -13.61 -11.40 -82.30 
0.2 16.493 17.849 15.221 -16.62 -14.50 -81.15 
0.25 15.684 16.87 14.18 -15.71 -13.60 -79.40 
0.3 18.483 18.338 16.008 -17.76 -16.08 -65.72 
0.35 21.421 19.433 19.269 -20.68 -19.25 -24.86 
0.4 19.501 17.126 16.424 -18.51 -16.74 -30.73 
0.45 21.444 17.033 18.76 -21.43 -18.02 -11.81 
0.5 24.197 18.827 20.842 -24.16 -20.04 -12.22 
0.55 25.145 17.359 20.704 -25.54 -19.45 -10.88 
0.6 26.047 16.101 21.12 -27.14 -19.14 -9.11 
0.65 26.51 14.586 21.583 -28.56 -18.63 -7.30 
0.7 26.718 13.282 21.351 -29.21 -17.96 -7.01 
0.75 28.152 12.839 22.184 -31.14 -18.26 -6.80 
0.8 27.065 10.136 20.519 -30.47 -16.22 -6.74 
0.85 28.569 9.017 21.513 -32.90 -16.24 -6.21 
0.9 29.054 8.225 21.351 -33.57 -15.89 -6.39 
0.95 27.042 4.73 19.2 -32.23 -13.14 -6.02 
1 29.355 4.52 20.958 -35.37 -14.00 -5.75 
1.05 31.437 5.918 22.947 -37.69 -15.67 -5.64 
1.1 29.378 2.61 20.565 -36.07 -12.93 -5.57 
1.15 29.355 2.586 20.148 -35.78 -12.80 -5.87 
1.2 29.864 2.889 20.125 -36.02 -13.04 -6.21 
1.25 30.951 3.192 21.097 -37.39 -13.68 -6.09 
1.3 29.679 0.583 19.408 -36.52 -11.64 -6.05 
1.35 29.633 0.14 19.339 -36.66 -11.40 -5.97 
1.4 29.98 0.233 19.038 -36.68 -11.42 -6.35 
1.45 30.419 0.326 19.154 -37.06 -11.58 -6.48 
1.5 29.193 -1.794 17.835 -36.24 -9.91 -6.32 
1.55 30.28 -1.421 18.784 -37.57 -10.58 -6.24 
1.6 31.483 -0.536 18.992 -38.23 -11.30 -6.81 
1.65 30.905 -1.911 19.269 -38.64 -10.60 -6.08 
1.7 30.813 -2.353 18.76 -38.43 -10.21 -6.26 
1.75 29.24 -4.311 17.049 -36.99 -8.43 -6.26 
1.8 29.517 -3.984 16.817 -36.89 -8.58 -6.58 
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1.85 29.957 -3.984 17.766 -37.88 -8.94 -6.17 
1.9 30.489 -3.169 18.113 -38.14 -9.55 -6.35 
1.95 30.003 -4.171 17.696 -37.97 -8.84 -6.19 
2 29.494 -4.404 17.604 -37.61 -8.60 -6.00 
 
45°D-FI, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 4.326 2.843 2.707 -3.04 -2.20 -25.12 
0.1 11.589 13.235 9.16 -8.97 -6.50 -78.50 
0.15 19.778 20.249 8.628 -13.86 -7.32 -68.66 
0.2 24.613 27.285 7.356 -17.57 -6.26 -71.32 
0.25 29.818 31.433 4.025 -20.33 -4.89 -69.19 
0.3 37.336 36.117 -0.625 -24.02 -3.35 -66.55 
0.35 45.062 40.078 -7.796 -27.42 -0.36 -64.53 
0.4 52.025 42.641 -14.018 -30.31 1.98 -62.80 
0.45 60.769 46.206 -24.104 -33.85 6.52 -61.65 
0.5 68.033 49.817 -30.095 -37.18 8.90 -61.08 
0.55 74.093 52.59 -36.086 -39.82 11.49 -60.68 
0.6 80.27 54.245 -42.077 -42.29 13.82 -59.94 
0.65 86.447 55.9 -48.068 -44.77 16.16 -59.31 
0.7 92.624 57.555 -54.059 -47.27 18.52 -58.78 
0.75 98.801 59.21 -60.05 -49.77 20.89 -58.32 
0.8 104.978 60.865 -66.041 -52.29 23.26 -57.92 
0.85 111.155 62.52 -72.032 -54.81 25.64 -57.56 
0.9 117.332 62.52 -72.032 -57.73 23.97 -56.42 
0.95 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.05 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.1 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.15 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.2 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.25 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.3 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.35 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.4 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.45 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.5 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.55 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.6 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.65 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.7 117.332 62.52 -72.032 -57.73 23.97 -56.42 
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1.75 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.8 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.85 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.9 117.332 62.52 -72.032 -57.73 23.97 -56.42 
1.95 117.332 62.52 -72.032 -57.73 23.97 -56.42 
2 117.332 62.52 -72.032 -57.73 23.97 -56.42 
 
45°D-FI, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 2.475 4.124 2.984 -2.96 -1.69 84.83 
0.1 11.08 11.79 13.602 -11.13 -9.90 33.20 
0.15 17.534 13.631 22.531 -20.13 -14.00 10.66 
0.2 22.855 13.468 33.473 -30.97 -17.02 9.93 
0.25 28.43 13.165 44.623 -42.15 -20.08 9.56 
0.3 35 13.864 56.466 -53.97 -23.95 9.31 
0.35 41.06 13.049 68.403 -66.21 -27.04 9.08 
0.4 46.936 12.722 80.733 -78.41 -30.35 9.15 
0.45 53.829 12.489 92.877 -91.02 -33.95 8.89 
0.5 58.942 12.07 104.004 -101.98 -36.83 8.99 
0.55 64.517 12.023 114.344 -112.49 -39.88 8.92 
0.6 70.207 12.047 124.245 -122.72 -42.93 8.80 
0.65 74.649 11.464 131.832 -130.86 -45.03 8.65 
0.7 78.974 11.93 139.72 -138.70 -47.59 8.66 
0.75 83.37 12.326 146.105 -145.56 -49.92 8.51 
0.8 86.724 12.513 152.582 -151.97 -51.89 8.54 
0.85 90.055 12.186 157.764 -157.67 -53.44 8.43 
0.9 93.062 12.722 162.321 -162.38 -55.17 8.38 
0.95 96.023 13.282 166.901 -167.07 -56.91 8.35 
1 98.591 13.468 170.047 -170.68 -58.16 8.23 
1.05 100.765 14.12 172.615 -173.46 -59.42 8.17 
1.1 102.246 14.353 174.651 -175.65 -60.23 8.13 
1.15 103.102 14.423 175.437 -176.66 -60.61 8.08 
1.2 104.559 15.122 176.224 -177.76 -61.43 7.98 
1.25 105.137 15.542 177.079 -178.52 -61.89 7.99 
1.3 105.947 16.078 176.987 -178.69 -62.33 7.91 
1.35 106.225 16.311 176.802 -178.62 -62.48 7.87 
1.4 106.872 17.15 176.894 -178.70 -63.03 7.84 
1.45 107.497 17.616 176.64 -178.69 -63.36 7.76 
1.5 107.196 17.872 176.293 -178.16 -63.34 7.79 
1.55 107.266 17.988 175.969 -177.92 -63.36 7.76 
1.6 107.798 18.361 176.224 -178.25 -63.70 7.73 
            APPENDIX H   
~ 169 ~ 
 
1.65 107.913 18.408 176.455 -178.46 -63.78 7.74 
1.7 108.908 18.594 177.565 -179.73 -64.30 7.70 
1.75 109.718 18.384 178.467 -180.93 -64.57 7.65 
1.8 111.059 18.384 180.226 -182.94 -65.19 7.60 
1.85 112.17 18.291 182.03 -184.89 -65.73 7.59 
1.9 112.748 18.012 183.441 -186.33 -65.98 7.60 
1.95 113.696 17.639 184.574 -187.84 -66.24 7.54 
2 113.881 17.429 185.847 -188.93 -66.40 7.60 
 
45°D-FII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 5.297 1.561 3.933 -5.83 -2.79 -6.29 
0.1 10.733 8.458 9.114 -10.08 -8.46 -14.46 
0.15 13.995 11.72 7.402 -11.67 -8.32 -53.61 
0.2 18.067 13.748 5.459 -14.19 -7.78 -53.74 
0.25 17.951 12.21 0.093 -13.03 -3.82 -54.82 
0.3 18.552 10.579 -5.621 -12.24 0.16 -54.40 
0.35 18.714 8.109 -11.497 -11.02 4.28 -53.30 
0.4 19.57 6.92 -16.794 -10.52 7.93 -53.46 
0.45 19.825 4.194 -23.156 -9.26 12.37 -52.63 
0.5 19.871 1.957 -28.384 -8.12 16.07 -52.22 
0.55 19.385 0.722 -32.964 -6.88 19.56 -53.01 
0.6 17.789 -3.355 -40.135 -4.13 25.00 -52.55 
0.65 17.766 -4.45 -43.559 -3.39 27.48 -52.70 
0.7 16.655 -6.944 -47.954 -1.63 30.86 -52.54 
0.75 15.892 -8.249 -51.169 -0.43 33.38 -52.82 
0.8 14.897 -10.159 -54.223 0.97 35.76 -52.69 
0.85 13.949 -10.905 -56.744 2.09 37.88 -53.27 
0.9 12.214 -12.536 -59.867 3.92 40.59 -53.70 
0.95 11.127 -14.027 -62.712 5.28 42.90 -53.84 
1 11.011 -13.981 -63.985 5.55 43.93 -54.22 
1.05 8.212 -16.427 -66.922 8.13 46.70 -54.49 
1.1 8.05 -16.287 -67.2 8.25 46.99 -54.73 
1.15 6.084 -17.918 -69.097 10.02 48.83 -54.94 
1.2 5.066 -18.175 -69.907 10.81 49.75 -55.40 
1.25 4.627 -18.338 -69.906 11.11 49.86 -55.50 
1.3 4.488 -17.872 -69.606 11.06 49.75 -55.81 
1.35 3.516 -18.245 -69.93 11.76 50.26 -56.08 
1.4 2.105 -19.247 -70.67 12.91 51.13 -56.23 
1.45 1.226 -19.55 -71.179 13.56 51.77 -56.54 
1.5 0.231 -19.643 -70.878 14.13 51.85 -56.90 
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1.55 -0.185 -19.34 -70.531 14.26 51.78 -57.24 
1.6 -1.087 -20.039 -70.809 14.97 52.18 -57.26 
1.65 -2.059 -20.458 -70.947 15.65 52.54 -57.49 
1.7 -1.758 -19.48 -70.253 15.17 52.09 -57.88 
1.75 -3.701 -21.53 -71.78 16.95 53.55 -57.73 
1.8 -3.794 -21.087 -70.971 16.79 53.04 -57.94 
1.85 -5.367 -22.858 -72.382 18.28 54.34 -57.77 
1.9 -5.297 -22.998 -72.405 18.27 54.30 -57.64 
1.95 -4.627 -22.299 -71.595 17.62 53.57 -57.64 
2 -5.112 -22.882 -71.641 18.03 53.66 -57.49 
 
45°D-FII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 6.662 6.245 6.153 -6.44 -6.13 -28.72 
0.1 9.577 12.233 13.926 -12.66 -10.40 51.24 
0.15 9.878 17.476 22.462 -19.13 -12.60 50.86 
0.2 10.919 22.229 30.813 -25.57 -15.38 48.90 
0.25 9.392 26.353 38.955 -31.30 -16.14 49.19 
0.3 10.201 31.829 49.319 -39.19 -19.22 48.02 
0.35 10.132 37.328 58.895 -46.33 -21.41 48.29 
0.4 8.906 41.639 68.333 -53.06 -22.74 47.90 
0.45 9.068 47.883 78.674 -60.83 -25.27 48.29 
0.5 7.958 51.612 85.845 -65.93 -26.11 48.45 
0.55 7.726 55.643 93.71 -71.73 -27.80 48.27 
0.6 7.842 60.093 100.973 -77.20 -29.57 48.48 
0.65 8.12 64.474 108.168 -82.65 -31.46 48.61 
0.7 8.767 67.829 113.303 -86.65 -33.14 48.70 
0.75 8.952 70.462 118.253 -90.37 -34.45 48.58 
0.8 9.184 73.328 122.903 -93.90 -35.71 48.65 
0.85 9.068 75.192 126.512 -96.56 -36.48 48.59 
0.9 9.438 77.802 129.658 -99.04 -37.45 48.91 
0.95 8.767 78.92 131.925 -100.59 -37.47 48.96 
1 9.693 81.693 135.441 -103.46 -38.96 49.13 
1.05 9.322 82.975 136.76 -104.41 -38.94 49.43 
1.1 10.479 84.629 138.286 -105.84 -40.14 49.55 
1.15 9.484 84.233 138.471 -105.74 -39.44 49.52 
1.2 10.502 85.212 138.934 -106.35 -40.29 49.64 
1.25 11.104 85.794 139.188 -106.69 -40.78 49.72 
1.3 11.381 86.33 139.165 -106.78 -40.95 49.91 
1.35 12.33 87.402 139.327 -107.17 -41.64 50.16 
1.4 12.237 87.146 138.68 -106.68 -41.41 50.24 
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1.45 12.538 87.612 138.656 -106.77 -41.59 50.39 
1.5 12.653 87.006 137.777 -106.12 -41.49 50.34 
1.55 13.278 87.775 137.685 -106.25 -41.88 50.59 
1.6 12.168 86.796 136.528 -105.14 -40.76 50.66 
1.65 13.278 88.031 137.245 -105.98 -41.73 50.82 
1.7 14.805 89.849 138.68 -107.44 -43.17 50.97 
1.75 15.383 90.548 139.35 -108.08 -43.75 51.00 
1.8 14.92 89.942 139.559 -108.08 -43.51 50.76 
1.85 15.198 90.082 139.998 -108.45 -43.84 50.66 
1.9 16.54 91.899 142.149 -110.37 -45.35 50.65 
1.95 15.938 91.596 142.219 -110.27 -44.92 50.61 
2 16.193 91.317 141.987 -110.13 -45.08 50.50 
 
45°D-FIII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 6.57 5.569 4.349 -6.24 -5.05 -47.82 
0.1 14.481 12.862 10.04 -13.90 -11.45 -52.58 
0.15 19.616 14.889 8.027 -17.42 -11.15 -50.22 
0.2 24.22 13.584 0.44 -19.10 -6.38 -48.01 
0.25 30.049 14.097 -8.351 -21.57 -0.86 -49.80 
0.3 35.555 13.258 -17.326 -23.66 4.82 -49.45 
0.35 39.187 10.089 -28.314 -23.74 12.50 -48.92 
0.4 43.073 7.992 -38.608 -24.25 19.63 -49.01 
0.45 49.735 7.06 -45.826 -27.58 23.54 -48.05 
0.5 52.904 6.641 -55.773 -27.74 30.70 -49.23 
0.55 55.264 3.588 -66.853 -26.87 38.85 -49.37 
0.6 57.716 2.097 -75.528 -26.71 45.12 -49.69 
0.65 59.566 -0.629 -85.428 -25.75 52.48 -49.82 
0.7 61.856 -3.379 -93.941 -25.40 58.56 -49.62 
0.75 64.262 -5.709 -101.737 -25.32 64.06 -49.46 
0.8 66.552 -6.454 -106.919 -25.85 67.57 -49.50 
0.85 69.421 -7.317 -114.367 -26.31 72.77 -49.68 
0.9 69.143 -9.577 -119.988 -24.73 77.28 -49.76 
0.95 71.549 -9.274 -124.638 -25.54 80.42 -49.99 
1 71.942 -11.534 -128.27 -24.87 83.09 -49.72 
1.05 71.456 -13.468 -133.822 -23.17 87.63 -49.90 
1.1 72.798 -12.746 -135.672 -23.84 88.82 -50.08 
1.15 73.307 -13.258 -139.027 -23.46 91.39 -50.23 
1.2 73.793 -13.468 -140.576 -23.48 92.50 -50.26 
1.25 73.908 -13.398 -142.311 -23.21 93.91 -50.45 
1.3 73.076 -14.703 -144.648 -21.99 95.97 -50.48 
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1.35 75.574 -13.282 -144.37 -24.01 95.12 -50.43 
1.4 73.029 -15.379 -146.984 -21.41 97.85 -50.55 
1.45 74.973 -13.538 -145.689 -23.28 96.37 -50.59 
1.5 72.636 -15.449 -147.632 -20.99 98.50 -50.66 
1.55 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.6 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.65 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.7 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.75 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.8 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.85 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.9 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
1.95 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
2 74.764 -13.631 -146.198 -23.01 96.85 -50.65 
 
45°D-FIII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 7.703 7.689 8.004 -6.79 -6.59 21.23 
0.1 10.109 14.26 17.211 -13.24 -10.03 49.80 
0.15 12.006 19.946 27.713 -20.42 -13.41 45.32 
0.2 11.913 24.466 37.683 -26.88 -15.37 44.26 
0.25 12.677 31.386 50.637 -35.44 -18.49 44.59 
0.3 12.075 37.771 63.73 -43.82 -20.76 44.85 
0.35 7.703 39.635 72.428 -48.58 -19.68 44.62 
0.4 6.454 44.249 85.891 -57.08 -21.58 43.61 
0.45 4.997 50.936 99.354 -65.52 -23.38 44.25 
0.5 2.429 55.363 111.545 -72.91 -24.18 44.15 
0.55 2.36 61.235 125.656 -82.08 -26.98 43.71 
0.6 0.879 64.707 135.857 -88.41 -28.07 43.45 
0.65 -0.393 67.433 144.74 -93.95 -29.02 43.13 
0.7 -1.55 71.115 154.41 -100.00 -30.21 43.05 
0.75 -3.586 72.746 161.72 -104.36 -30.35 42.81 
0.8 -5.482 76.614 169.238 -108.82 -30.68 43.28 
0.85 -4.118 78.897 177.704 -114.67 -33.20 42.52 
0.9 -6.778 80.318 181.567 -116.61 -32.29 42.85 
0.95 -7.749 82.532 186.541 -119.63 -32.68 42.98 
1 -4.048 86.4 194.013 -125.29 -36.54 42.52 
1.05 -8.952 84.862 194.452 -124.55 -33.47 42.78 
1.1 -6.014 89.383 200.906 -129.34 -36.68 42.77 
1.15 -7.564 88.52 201.947 -129.72 -35.87 42.63 
1.2 -6.593 90.92 205.394 -132.15 -37.21 42.71 
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1.25 -6.454 91.223 207.221 -133.38 -37.64 42.55 
1.3 -7.148 91.852 208.817 -134.27 -37.52 42.62 
1.35 -7.819 91.619 209.211 -134.39 -37.17 42.61 
1.4 -8.536 89.942 207.776 -133.34 -36.39 42.44 
1.45 -6.223 92.924 211.107 -135.96 -38.57 42.50 
1.5 -10.826 90.384 208.586 -133.35 -35.11 42.79 
1.55 -9.577 89.965 207.707 -133.06 -35.72 42.61 
1.6 -9.184 89.779 207.961 -133.32 -36.01 42.47 
1.65 -5.737 90.501 208.771 -134.61 -38.35 42.07 
1.7 -10.317 87.588 205.833 -131.74 -34.82 42.31 
1.75 -7.657 91.247 209.026 -134.32 -37.22 42.51 
1.8 -8.05 91.083 209.974 -134.87 -37.14 42.41 
1.85 -5.737 93.064 211.709 -136.47 -38.99 42.39 
1.9 -5.806 93.53 212.68 -137.08 -39.14 42.41 
1.95 -7.032 92.948 212.148 -136.48 -38.25 42.49 
2 -6.153 94.672 214.022 -137.86 -39.22 42.60 
 
RD-P0, Inner/Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 4.608 5.569 5.297 -4.53 -3.90 75.40 
0.1 6.825 7.689 8.767 -7.08 -6.21 41.86 
0.15 8.326 9.041 10.525 -8.55 -7.51 35.36 
0.2 10.176 10.509 14.134 -11.50 -9.21 25.12 
0.25 12.201 12 17.373 -14.29 -10.90 21.43 
0.3 11.223 9.973 18.182 -15.15 -9.90 18.17 
0.35 12.689 11.091 20.75 -17.33 -11.15 17.80 
0.4 13.178 10.206 23.063 -19.60 -11.27 15.99 
0.45 12.951 8.994 24.15 -20.75 -10.86 15.18 
0.5 12.689 7.992 25.561 -22.03 -10.55 15.02 
0.55 12.655 7.503 27.134 -23.35 -10.54 15.15 
0.6 13.44 8.598 29.216 -24.85 -11.48 15.89 
0.65 12.358 5.918 28.546 -24.85 -10.00 14.56 
0.7 13.649 6.058 30.743 -27.06 -10.76 13.95 
0.75 12.602 5.592 29.448 -25.76 -10.06 14.31 
0.8 11.799 4.148 27.111 -24.21 -8.93 13.29 
0.85 11.293 3.192 26.047 -23.56 -8.25 12.74 
0.9 11.171 2.633 25.631 -23.42 -7.93 12.32 
0.95 10.001 1.095 24.497 -22.60 -6.79 12.08 
1 10.595 1.561 25.145 -23.20 -7.25 12.02 
1.05 9.46 -0.513 23.688 -22.38 -5.86 11.30 
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1.1 8.483 -1.235 22.994 -21.65 -5.17 11.57 
1.15 8.413 -1.608 24.405 -22.78 -5.18 11.97 
1.2 8.116 -2.097 26.001 -23.97 -5.09 12.51 
1.25 7.802 -2.4 27.782 -25.21 -5.10 13.16 
1.3 7.331 -3.588 28.869 -26.23 -4.61 13.20 
1.35 5.952 -5.313 27.99 -25.55 -3.36 13.16 
1.4 6.895 -4.194 30.766 -27.62 -4.46 13.70 
1.45 6.214 -6.105 30.651 -27.94 -3.46 13.24 
1.5 5.76 -5.895 30.581 -27.57 -3.39 13.64 
1.55 6.127 -5.383 31.067 -27.91 -3.78 13.74 
1.6 7.069 -4.59 32.547 -29.16 -4.59 13.79 
1.65 6.755 -5.01 31.761 -28.59 -4.22 13.63 
1.7 7.034 -4.777 31.784 -28.66 -4.41 13.55 
1.75 7.453 -4.148 31.807 -28.65 -4.80 13.56 
1.8 6.598 -5.452 29.841 -27.29 -3.75 13.07 
1.85 8.099 -3.565 31.692 -28.67 -5.23 13.35 
1.9 8.343 -3.495 31.645 -28.74 -5.33 13.19 
1.95 7.209 -5.056 29.24 -27.02 -4.03 12.66 
2 8.204 -3.565 30.836 -28.11 -5.15 13.06 
 
RD-FI, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 4.002 4.334 4.973 -3.88 -3.44 36.23 
0.1 11.751 9.577 5.945 -8.50 -5.94 -52.05 
0.15 18.46 10.928 1.966 -11.89 -4.78 -47.48 
0.2 24.359 10.695 -6.639 -13.93 -0.53 -48.38 
0.25 30.049 9.623 -15.614 -15.74 3.96 -48.01 
0.3 36.48 9.46 -24.359 -18.08 8.19 -48.19 
0.35 42.124 5.942 -38.099 -18.94 15.66 -47.80 
0.4 47.607 3.518 -49.966 -20.07 22.00 -47.75 
0.45 53.135 1.258 -60.399 -21.49 27.42 -47.46 
0.5 59.104 -1.328 -74.672 -22.49 35.19 -47.76 
0.55 62.689 -3.495 -83.323 -23.05 39.89 -47.67 
0.6 67.385 -5.662 -93.132 -24.08 45.09 -47.57 
0.65 71.456 -8.435 -102.87 -24.72 50.36 -47.38 
0.7 76.037 -10.066 -112.216 -25.78 55.31 -47.44 
0.75 79.969 -11.557 -119.78 -26.77 59.26 -47.39 
0.8 82.745 -13.445 -127.321 -27.05 63.42 -47.41 
0.85 85.845 -15.682 -134.377 -27.60 67.20 -47.23 
0.9 88.991 -17.056 -140.692 -28.34 70.53 -47.19 
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0.95 91.72 -18.431 -145.92 -29.02 73.24 -47.09 
1 93.964 -19.34 -150.893 -29.46 75.92 -47.13 
1.05 96.625 -19.55 -154.595 -30.41 77.71 -47.15 
1.1 98.313 -20.878 -158.342 -30.72 79.71 -47.04 
1.15 100.256 -21.693 -161.951 -31.23 81.58 -47.00 
1.2 102.107 -22.183 -164.68 -31.85 82.91 -46.95 
1.25 103.194 -22.882 -167.618 -31.97 84.54 -46.97 
1.3 104.49 -23.674 -169.978 -32.31 85.75 -46.89 
1.35 105.415 -24.07 -171.736 -32.54 86.66 -46.88 
1.4 106.225 -24.443 -172.893 -32.82 87.22 -46.82 
1.45 107.173 -24.536 -173.887 -33.21 87.65 -46.80 
1.5 107.682 -24.699 -174.766 -33.36 88.10 -46.79 
1.55 110.666 -23.837 -175.252 -35.11 87.81 -46.69 
1.6 113.373 -22.579 -175.576 -36.74 87.49 -46.69 
1.65 117.236 -21.087 -175.946 -39.06 86.97 -46.61 
1.7 121.839 -19.526 -176.339 -41.84 86.31 -46.48 
1.75 126.257 -17.918 -176.871 -44.48 85.78 -46.40 
1.8 130.236 -16.497 -177.473 -46.83 85.38 -46.33 
1.85 134.122 -14.68 -177.82 -49.18 84.84 -46.32 
1.9 138.795 -13.375 -178.491 -51.95 84.34 -46.17 
1.95 142.658 -11.604 -178.491 -54.35 83.59 -46.13 
2 147.285 -9.181 -178.097 -57.30 82.45 -46.10 
 
RD-FI, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 11.404 15.216 19.524 -13.73 -10.37 43.25 
0.1 10.34 17.522 26.417 -17.66 -10.98 41.96 
0.15 7.819 18.338 34.884 -22.36 -10.91 38.72 
0.2 6.917 27.052 48.601 -30.24 -13.01 44.03 
0.25 4.21 30.315 66.483 -40.57 -14.50 40.41 
0.3 2.545 31.433 75.898 -46.05 -15.06 39.01 
0.35 -1.55 40.637 92.368 -54.88 -15.87 42.10 
0.4 -5.76 42.874 110.944 -65.42 -16.53 40.27 
0.45 -5.922 45.74 120.335 -71.08 -18.06 39.85 
0.5 -6.176 50.68 132.943 -78.60 -20.16 39.83 
0.55 -8.12 54.571 139.929 -82.29 -20.40 40.65 
0.6 -10.548 56.715 149.575 -87.66 -20.65 40.46 
0.65 -12.839 60.979 160.887 -93.97 -21.37 40.73 
0.7 -15.129 61.025 166.971 -97.27 -21.03 40.35 
0.75 -17.65 65.313 174.928 -101.43 -21.10 41.06 
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0.8 -18.992 70.672 184.528 -106.83 -22.14 41.61 
0.85 -21.652 71.65 189.155 -109.09 -21.41 41.73 
0.9 -19.732 72.559 192.879 -111.76 -23.14 41.24 
0.95 -22.138 75.239 196.141 -113.14 -22.42 41.92 
1 -23.271 76.847 199.009 -114.61 -22.31 42.17 
1.05 -22.739 77.01 201.97 -116.54 -23.10 41.80 
1.1 -23.433 76.194 202.618 -116.83 -22.77 41.62 
1.15 -24.127 75.378 203.266 -117.13 -22.44 41.44 
1.2 -24.821 74.562 203.914 -117.43 -22.10 41.27 
1.25 -25.515 73.746 204.562 -117.73 -21.77 41.10 
1.3 -26.209 72.93 205.21 -118.03 -21.43 40.93 
1.35 -26.903 72.114 205.858 -118.33 -21.09 40.76 
1.4 -27.597 71.298 206.506 -118.64 -20.75 40.59 
1.45 -28.291 70.482 207.154 -118.95 -20.40 40.43 
1.5 -28.985 69.666 207.802 -119.26 -20.06 40.27 
1.55 -29.679 68.85 208.45 -119.57 -19.71 40.11 
1.6 -30.373 68.034 209.098 -119.88 -19.37 39.95 
1.65 -31.067 67.218 209.746 -120.19 -19.02 39.79 
1.7 -31.761 66.402 210.394 -120.51 -18.67 39.64 
1.75 -32.455 65.586 211.042 -120.82 -18.31 39.49 
1.8 -33.149 64.77 211.69 -121.14 -17.96 39.34 
1.85 -33.843 63.954 212.338 -121.46 -17.61 39.19 
1.9 -34.537 63.138 212.986 -121.78 -17.25 39.05 
1.95 -35.231 62.322 213.634 -122.10 -16.89 38.91 
2 -35.925 61.506 214.282 -122.42 -16.53 38.76 
 
RD-FII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 4.349 3.076 2.938 -3.67 -2.83 -25.59 
0.1 11.08 9.577 8.698 -9.38 -8.24 -37.66 
0.15 11.543 9.483 7.842 -9.50 -7.77 -41.77 
0.2 11.867 9.507 6.361 -9.41 -6.83 -49.06 
0.25 13.162 10.183 4.603 -9.99 -5.83 -53.45 
0.3 10.919 7.969 0.301 -7.70 -2.30 -56.98 
0.35 8.49 5.802 -4.395 -5.29 1.64 -60.12 
0.4 7.958 4.823 -7.24 -4.42 3.78 -60.22 
0.45 4.65 2.027 -12.954 -1.30 8.70 -62.53 
0.5 4.511 2.144 -14.944 -1.03 10.32 -63.56 
0.55 0.671 -1.421 -19.801 2.44 14.61 -64.25 
0.6 1.018 -0.303 -21.791 2.17 16.34 -65.74 
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0.65 -1.295 -2.26 -25.053 4.24 19.24 -66.29 
0.7 -5.552 -5.616 -29.725 7.79 23.65 -67.42 
0.75 -7.587 -6.478 -32.062 9.24 26.09 -68.74 
0.8 -8.999 -7.2 -34.259 10.35 28.19 -69.40 
0.85 -12.168 -9.46 -37.613 12.88 31.48 -70.25 
0.9 -14.25 -10.066 -38.909 14.10 33.27 -71.63 
0.95 -17.396 -11.883 -42.217 16.42 36.70 -72.65 
1 -17.72 -11.767 -42.726 16.56 37.30 -72.94 
1.05 -19.686 -11.557 -43.373 17.29 38.89 -74.67 
1.1 -20.634 -11.767 -43.79 17.77 39.63 -75.24 
1.15 -23.873 -14.447 -46.358 20.35 42.23 -75.73 
1.2 -25.608 -14.866 -46.612 21.15 43.20 -76.85 
1.25 -27.343 -15.658 -47.792 22.23 44.72 -77.49 
1.3 -28.129 -15.192 -46.982 22.18 44.75 -78.57 
1.35 -28.869 -14.773 -47.167 22.26 45.49 -79.26 
1.4 -28.384 -13.701 -45.317 21.37 44.30 -79.96 
1.45 -31.252 -16.683 -49.203 24.12 47.56 -79.57 
1.5 -33.08 -17.219 -48.625 24.83 47.97 -80.90 
1.55 -33.288 -17.802 -48.948 25.20 48.08 -80.72 
1.6 -33.797 -17.895 -49.527 25.48 48.77 -80.84 
1.65 -34.953 -18.897 -49.851 26.31 49.25 -81.21 
1.7 -36.202 -19.759 -51.007 27.24 50.47 -81.38 
1.75 -35.023 -19.247 -50.128 26.53 49.34 -81.03 
1.8 -35.462 -19.922 -51.03 27.10 49.97 -80.77 
1.85 -36.573 -21.064 -52.418 28.14 51.15 -80.66 
1.9 -35.879 -20.668 -52.835 27.82 51.23 -80.15 
1.95 -37.197 -22.765 -54.477 29.38 52.30 -79.74 
2 -35.855 -21.996 -53.991 28.56 51.50 -79.21 
 
RD-FII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 5.829 6.664 7.495 -6.32 -5.55 45.07 
0.1 6.431 9.903 13.394 -10.45 -7.21 44.92 
0.15 5.344 11.371 18.228 -13.50 -7.50 43.16 
0.2 5.714 14.563 24.613 -17.92 -9.11 43.18 
0.25 5.529 18.198 31.321 -22.42 -10.42 44.50 
0.3 3.03 18.571 36.457 -25.38 -9.80 42.99 
0.35 3.817 23.231 44.97 -31.32 -12.15 43.38 
0.4 1.619 23.93 49.226 -33.75 -11.56 43.21 
0.45 -0.81 25.841 54.94 -37.09 -11.14 43.74 
            APPENDIX H   
~ 178 ~ 
 
0.5 0.856 30.198 62.157 -42.34 -13.80 43.78 
0.55 -2.151 30.082 64.887 -43.55 -12.35 43.90 
0.6 -3.909 31.48 68.866 -45.87 -12.01 44.21 
0.65 -5.32 32.715 73.029 -48.39 -11.94 44.17 
0.7 -7.333 33.647 76.314 -50.19 -11.28 44.42 
0.75 -8.096 34.416 79.16 -51.96 -11.36 44.27 
0.8 -8.79 35.301 82.814 -54.30 -11.66 43.93 
0.85 -9.739 36.466 84.873 -55.48 -11.46 44.33 
0.9 -9.97 37.305 87.325 -57.10 -11.83 44.19 
0.95 -11.289 37.421 88.806 -57.82 -11.25 44.23 
1 -10.363 38.493 91.142 -59.61 -12.37 43.93 
1.05 -9.068 40.52 93.409 -61.42 -13.73 44.08 
1.1 -11.566 39.425 92.715 -60.41 -11.90 44.37 
1.15 -14.967 36.746 90.795 -58.38 -9.18 44.37 
1.2 -12.121 39.495 92.854 -60.38 -11.55 44.52 
1.25 -9.901 41.08 95.19 -62.45 -13.55 44.15 
1.3 -12.723 38.843 92.623 -60.10 -11.09 44.40 
1.35 -9.461 42.361 95.792 -62.94 -13.98 44.56 
1.4 -11.15 40.637 93.779 -61.22 -12.41 44.63 
1.45 -11.821 40.357 92.761 -60.38 -11.74 44.94 
1.5 -10.086 40.94 93.317 -61.13 -13.03 44.63 
1.55 -12.677 39.052 90.841 -58.90 -10.75 44.98 
1.6 -11.52 39.379 90.841 -59.14 -11.53 44.84 
1.65 -10.016 40.311 91.188 -59.70 -12.63 44.84 
1.7 -9.646 40.87 90.795 -59.51 -12.79 45.17 
1.75 -10.271 39.192 89.13 -58.25 -12.02 44.86 
1.8 -9.762 40.311 89.847 -58.84 -12.51 45.15 
1.85 -8.536 41.942 91.512 -60.23 -13.70 45.26 
1.9 -10.71 39.938 89.708 -58.55 -11.84 45.25 
1.95 -9.299 40.94 90.934 -59.68 -13.06 45.07 
2 -8.813 41.569 91.72 -60.32 -13.56 45.07 
 
RD-FIII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 7.518 6.85 5.552 -6.30 -5.34 -53.88 
0.1 12.63 11.324 6.778 -10.20 -7.09 -59.49 
0.15 16.956 13.724 3.909 -12.69 -5.90 -58.39 
0.2 18.83 14.819 -1.457 -13.25 -2.23 -60.58 
0.25 21.768 15.169 -6.963 -14.19 1.00 -59.20 
0.3 25.261 15.122 -14.62 -15.08 5.59 -58.09 
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0.35 29.24 14.47 -21.675 -16.21 9.47 -56.39 
0.4 32.547 13.794 -29.818 -16.83 14.40 -55.87 
0.45 35.555 12.746 -37.66 -17.26 19.13 -55.33 
0.5 37.683 10.788 -46.543 -16.88 24.77 -54.93 
0.55 40.297 8.971 -53.691 -17.07 29.01 -54.22 
0.6 42.333 7.573 -60.908 -16.98 33.53 -54.04 
0.65 43.582 5.336 -68.01 -16.32 38.09 -53.73 
0.7 45.386 4.357 -74.602 -16.25 42.28 -53.77 
0.75 47.167 2.563 -79.715 -16.28 45.28 -53.27 
0.8 49.573 2.097 -84.387 -16.94 47.96 -53.12 
0.85 50.174 0.559 -89.893 -16.23 51.63 -53.13 
0.9 51.1 -0.816 -95.167 -15.79 55.05 -53.09 
0.95 51.863 -2.19 -99.169 -15.44 57.59 -52.93 
1 52.187 -2.517 -102.385 -15.09 59.81 -53.14 
1.05 52.858 -3.449 -105.461 -14.89 61.76 -53.05 
1.1 53.899 -3.565 -107.497 -15.18 62.94 -53.03 
1.15 53.344 -4.986 -110.62 -14.17 65.20 -53.05 
1.2 53.945 -5.499 -111.846 -14.27 65.86 -52.90 
1.25 55.634 -4.497 -111.961 -15.41 65.59 -52.89 
1.3 53.089 -6.128 -114.76 -13.22 68.17 -53.20 
1.35 54.2 -5.779 -114.552 -13.96 67.74 -53.06 
1.4 53.691 -6.315 -115.408 -13.45 68.44 -53.09 
1.45 52.534 -6.944 -116.31 -12.53 69.36 -53.23 
1.5 52.696 -6.478 -115.57 -12.81 68.83 -53.26 
1.55 51.192 -7.317 -116.333 -11.67 69.71 -53.39 
1.6 50.174 -7.34 -116.495 -11.03 70.13 -53.61 
1.65 49.342 -7.619 -116.033 -10.57 69.99 -53.64 
1.7 49.666 -6.92 -114.807 -11.05 69.09 -53.66 
1.75 49.666 -6.198 -113.951 -11.28 68.56 -53.80 
1.8 48.023 -7.247 -114.599 -10.05 69.37 -53.88 
1.85 48.879 -6.058 -112.725 -11.02 67.91 -53.88 
1.9 48.486 -5.313 -111.8 -11.03 67.45 -54.10 
1.95 48.301 -5.033 -111.453 -11.01 67.28 -54.19 
2 48.069 -4.264 -110.944 -11.07 67.09 -54.43 
 
RD-FIII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 7.333 6.781 5.552 -5.91 -5.06 -55.41 
0.1 12.468 11.138 12.746 -11.40 -10.08 2.70 
0.15 12.214 13.328 17.303 -13.88 -11.27 30.33 
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0.2 12.7 18.082 25.191 -18.95 -13.32 41.06 
0.25 16.679 26.4 35.485 -26.42 -18.02 45.97 
0.3 16.147 30.221 44.368 -32.07 -19.48 44.93 
0.35 16.702 36.163 52.673 -37.61 -21.49 47.34 
0.4 15.985 41.173 59.682 -42.10 -22.36 49.35 
0.45 14.296 45.181 66.691 -46.38 -22.61 50.07 
0.5 14.99 51.122 76.453 -52.88 -25.02 49.98 
0.55 15.129 54.804 84.202 -57.90 -26.72 49.23 
0.6 14.92 58.462 90.772 -62.13 -27.90 49.21 
0.65 15.522 62.843 98.36 -67.18 -29.83 49.05 
0.7 14.041 65.522 103.402 -70.20 -29.85 49.33 
0.75 14.712 68.458 109.024 -73.96 -31.45 48.98 
0.8 14.689 71.045 114.159 -77.28 -32.48 48.79 
0.85 14.481 74.12 119.109 -80.48 -33.32 48.99 
0.9 15.846 77.196 123.69 -83.73 -35.13 48.92 
0.95 14.597 79.2 126.419 -85.32 -34.80 49.42 
1 16.262 81.414 129.45 -87.62 -36.51 49.30 
1.05 13.417 80.342 129.126 -86.86 -34.57 49.46 
1.1 15.383 83.907 132.549 -89.54 -36.48 49.82 
1.15 14.203 82.858 133.151 -89.63 -35.90 49.39 
1.2 14.018 83.278 133.729 -89.98 -35.88 49.46 
1.25 14.55 84.419 135.233 -91.07 -36.53 49.49 
1.3 14.55 85.258 135.533 -91.31 -36.54 49.79 
1.35 15.499 86.214 136.76 -92.29 -37.41 49.72 
1.4 14.227 85.235 135.487 -91.23 -36.31 49.86 
1.45 15.059 85.864 135.857 -91.64 -36.92 49.89 
1.5 14.041 84.816 135.487 -91.17 -36.21 49.70 
1.55 13.741 84.746 134.307 -90.39 -35.72 50.04 
1.6 13.556 84.909 134.562 -90.53 -35.65 50.08 
1.65 14.273 85.421 135.233 -91.10 -36.26 50.00 
1.7 13.741 85.468 135.418 -91.12 -35.94 50.07 
1.75 14.018 86.633 136.528 -91.93 -36.31 50.25 
1.8 14.504 87.682 138.147 -93.08 -36.96 50.20 
1.85 14.273 88.008 138.61 -93.35 -36.89 50.27 
1.9 17.002 91.083 142.011 -96.11 -39.35 50.25 
1.95 16.794 90.99 141.71 -95.88 -39.14 50.32 
2 15.753 90.291 141.247 -95.37 -38.37 50.32 
 
TD-P0, Inner/Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
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0.05 4.326 4.264 2.73 -3.49 -2.52 -66.34 
0.1 11.173 10.928 9.091 -9.22 -8.05 -63.70 
0.15 14.227 12.373 10.757 -11.42 -9.87 -43.04 
0.2 15.522 13.258 10.016 -12.13 -9.63 -50.04 
0.25 19.987 15.146 11.774 -15.39 -11.67 -39.93 
0.3 22.439 14.866 11.196 -16.98 -11.67 -35.43 
0.35 26.487 17.499 13.186 -20.04 -13.75 -35.32 
0.4 26.464 15.402 11.173 -19.77 -12.29 -32.96 
0.45 29.309 15.216 11.913 -22.13 -12.99 -29.10 
0.5 30.882 15.472 10.063 -22.60 -12.28 -32.17 
0.55 32.802 14.586 8.281 -23.58 -11.41 -32.05 
0.6 34.907 14.214 9.924 -25.77 -12.42 -28.36 
0.65 35.185 11.837 6.57 -25.34 -10.23 -28.86 
0.7 32.432 9.25 3.424 -22.82 -7.73 -29.55 
0.75 36.341 10.369 5.32 -26.10 -9.39 -28.00 
0.8 37.752 8.388 4.488 -27.34 -8.64 -26.28 
0.85 38.585 8.016 3.956 -27.85 -8.38 -26.28 
0.9 36.827 5.616 2.059 -26.48 -6.65 -25.75 
0.95 37.428 4.8 1.226 -26.83 -6.10 -25.63 
1 37.29 2.889 -0.162 -26.72 -4.91 -25.03 
1.05 39.765 3.984 2.73 -29.40 -6.80 -23.50 
1.1 38.701 2.656 1.295 -28.42 -5.65 -23.58 
1.15 39.279 1.701 1.596 -29.27 -5.55 -22.58 
1.2 39.557 1.002 1.573 -29.69 -5.35 -22.08 
1.25 37.128 -1.515 -0.763 -27.69 -3.29 -21.94 
1.3 39.279 -0.443 1.457 -29.90 -4.80 -21.13 
1.35 38.84 -1.142 0.625 -29.44 -4.18 -21.23 
1.4 38.007 -2.144 -0.116 -28.83 -3.45 -21.05 
1.45 36.688 -3.472 -0.37 -28.18 -2.75 -20.29 
1.5 36.573 -3.309 -0.648 -27.92 -2.68 -20.59 
1.55 36.341 -4.148 -0.948 -27.90 -2.25 -20.24 
1.6 34.953 -5.336 -2.73 -26.47 -0.98 -20.65 
1.65 34.93 -6.361 -3.724 -26.35 -0.23 -20.67 
1.7 37.775 -4.148 -1.064 -28.91 -2.37 -20.40 
1.75 36.526 -5.569 -2.915 -27.63 -1.00 -20.70 
1.8 36.064 -6.221 -3.701 -27.16 -0.41 -20.79 
1.85 38.284 -5.173 -3.539 -28.53 -1.07 -21.42 
1.9 37.035 -6.105 -4.765 -27.37 -0.12 -21.61 
1.95 36.619 -6.478 -5.135 -27.02 0.20 -21.61 
2 35.532 -7.014 -5.32 -26.31 0.57 -21.36 
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TD-FI, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 5.506 2.144 0.416 -4.06 -1.47 -36.10 
0.1 11.335 4.474 -0.578 -7.95 -2.10 -40.68 
0.15 15.337 1.282 -9.669 -8.76 3.47 -41.46 
0.2 21.675 0.676 -17.974 -11.37 7.91 -43.30 
0.25 25.423 -4.078 -31.16 -11.07 16.43 -43.78 
0.3 31.206 -6.967 -43.767 -12.33 24.07 -44.48 
0.35 36.827 -11.254 -58.525 -13.01 33.28 -44.76 
0.4 41.453 -15.658 -72.497 -13.16 42.15 -44.93 
0.45 46.936 -20.505 -85.937 -14.04 50.47 -44.57 
0.5 49.943 -25.328 -100.418 -12.92 60.07 -44.97 
0.55 55.055 -28.707 -112.979 -13.74 67.83 -45.09 
0.6 58.271 -32.808 -124.592 -13.41 75.36 -45.11 
0.65 60.121 -37.375 -134.932 -12.41 82.28 -45.01 
0.7 65.187 -38.4 -144.185 -13.93 87.71 -45.30 
0.75 67.084 -42.827 -154.016 -13.07 94.26 -45.17 
0.8 70.115 -45.39 -162.275 -13.37 99.44 -45.17 
0.85 72.937 -47.231 -169.376 -13.78 103.85 -45.23 
0.9 74.394 -50.47 -176.617 -13.19 108.66 -45.15 
0.95 76.846 -51.961 -182.053 -13.71 111.97 -45.14 
1 77.656 -54.431 -186.61 -13.26 115.02 -45.01 
1.05 79.576 -55.666 -190.982 -13.64 117.69 -45.01 
1.1 80.27 -58.019 -195.123 -13.21 120.48 -44.88 
1.15 81.08 -59.138 -198.246 -13.08 122.51 -44.89 
1.2 82.467 -59.534 -200.443 -13.58 123.76 -44.89 
1.25 82.884 -61.025 -202.803 -13.34 125.34 -44.79 
1.3 84.989 -60.746 -204.098 -14.55 125.79 -44.76 
1.35 85.29 -61.981 -206.25 -14.28 127.25 -44.71 
1.4 85.452 -62.586 -207.406 -14.14 128.04 -44.69 
1.45 86.238 -62.796 -208.008 -14.56 128.29 -44.63 
1.5 86.169 -63.635 -209.141 -14.26 129.11 -44.58 
1.55 87.163 -62.796 -209.072 -14.98 128.84 -44.64 
1.6 87.14 -63.076 -209.581 -14.85 129.20 -44.64 
1.65 87.788 -62.843 -209.349 -15.36 128.89 -44.60 
1.7 87.302 -63.285 -209.766 -14.92 129.30 -44.60 
1.75 87.788 -63.099 -209.951 -15.23 129.32 -44.61 
1.8 88.158 -62.33 -208.355 -15.85 128.11 -44.57 
1.85 88.135 -62.12 -208.216 -15.86 128.01 -44.60 
1.9 88.343 -61.701 -207.591 -16.15 127.52 -44.60 
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1.95 87.14 -62.773 -207.846 -15.24 127.98 -44.53 
2 87.695 -61.887 -206.643 -15.90 127.00 -44.53 
 
TD-FI, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 2.892 6.687 9.346 -7.31 -4.12 49.99 
0.1 2.683 10.369 17.141 -12.77 -5.74 46.81 
0.15 1.827 14.447 28.268 -20.48 -7.63 43.70 
0.2 1.897 20.318 40.968 -29.52 -10.52 43.37 
0.25 1.874 26.54 55.68 -39.98 -13.77 42.62 
0.3 1.596 33.414 71.48 -51.16 -17.10 42.45 
0.35 1.018 38.889 86.146 -61.49 -19.92 41.85 
0.4 1.504 45.32 101.089 -72.25 -23.56 41.58 
0.45 1.874 51.821 116.426 -83.27 -27.21 41.35 
0.5 4.071 60.583 132.85 -95.43 -32.45 41.51 
0.55 3.03 63.891 141.594 -101.42 -33.66 41.53 
0.6 2.498 69.111 153.045 -109.42 -35.85 41.72 
0.65 3.03 74.144 163.293 -116.81 -38.53 41.79 
0.7 2.105 76.217 170.973 -122.12 -39.53 41.52 
0.75 3.03 80.016 178.953 -128.01 -41.95 41.44 
0.8 4.765 84.256 187.165 -134.26 -44.99 41.34 
0.85 4.349 86.237 192.486 -137.96 -45.87 41.31 
0.9 4.719 88.101 196.997 -141.28 -47.12 41.22 
0.95 6.547 91.759 202.04 -145.25 -49.57 41.35 
1 6.917 93.67 205.209 -147.56 -50.56 41.44 
1.05 6.824 94.718 207.291 -149.01 -50.96 41.49 
1.1 7.472 95.697 209.303 -150.60 -51.86 41.42 
1.15 7.842 96.396 210.922 -151.85 -52.47 41.36 
1.2 8.582 97.864 211.871 -152.65 -53.24 41.53 
1.25 9.322 98.75 213.189 -153.76 -54.06 41.50 
1.3 9.531 98.586 212.796 -153.54 -54.11 41.47 
1.35 10.363 99.099 213.999 -154.61 -54.94 41.34 
1.4 11.474 100.078 215.017 -155.58 -55.95 41.31 
1.45 11.289 99.216 215.017 -155.59 -55.77 41.10 
1.5 11.196 98.68 215.225 -155.76 -55.71 40.95 
1.55 10.988 98.75 216.335 -156.52 -55.79 40.87 
1.6 10.803 98.773 217.33 -157.21 -55.86 40.79 
1.65 11.312 99.542 218.857 -158.42 -56.55 40.74 
1.7 11.173 100.101 220.083 -159.26 -56.73 40.77 
1.75 10.803 99.658 221.263 -160.07 -56.67 40.58 
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1.8 10.849 100.567 222.651 -161.05 -57.04 40.66 
1.85 11.08 101.103 224.062 -162.12 -57.50 40.60 
1.9 11.52 102.175 225.727 -163.39 -58.19 40.63 
1.95 11.312 102.431 226.398 -163.82 -58.20 40.66 
2 11.659 103.293 227.532 -164.69 -58.71 40.71 
 
TD-FII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 1.157 3.658 1.457 -2.26 -0.07 88.17 
0.1 6.246 8.365 6.107 -6.52 -4.49 -89.09 
0.15 9.299 9.111 5.39 -7.77 -5.32 -66.05 
0.2 11.798 9.786 3.03 -8.92 -4.29 -59.21 
0.25 14.088 7.759 -1.804 -9.24 -1.70 -50.75 
0.3 15.476 5.569 -5.344 -9.36 0.33 -46.38 
0.35 16.517 2.819 -11.52 -8.75 4.30 -45.65 
0.4 17.049 0.489 -18.437 -7.65 8.89 -46.91 
0.45 19.061 -0.163 -22.67 -8.13 11.34 -47.25 
0.5 19.339 -2.027 -27.481 -7.30 14.56 -47.50 
0.55 19.316 -5.056 -34.56 -5.79 19.38 -47.72 
0.6 17.373 -9.856 -40.482 -3.18 23.77 -46.68 
0.65 17.164 -11.208 -46.126 -1.89 27.70 -47.95 
0.7 15.846 -13.771 -51.007 0.02 31.31 -48.25 
0.75 16.702 -14.074 -53.297 -0.09 32.70 -48.44 
0.8 16.794 -15.449 -57.207 0.65 35.36 -48.66 
0.85 15.823 -17.266 -60.515 2.00 37.82 -48.79 
0.9 13.533 -19.596 -64.47 4.35 41.04 -49.28 
0.95 10.988 -22.462 -68.657 6.93 44.45 -49.55 
1 9.785 -24.023 -70.392 8.13 45.87 -49.45 
1.05 10.41 -23.394 -69.999 7.61 45.48 -49.52 
1.1 8.559 -24.839 -72.035 9.26 47.29 -49.86 
1.15 6.986 -25.631 -73.4 10.56 48.61 -50.34 
1.2 6.338 -25.981 -73.307 10.99 48.68 -50.34 
1.25 4.904 -26.167 -74.579 12.12 49.96 -51.15 
1.3 1.943 -28.311 -76.754 14.55 52.11 -51.51 
1.35 3.84 -26.05 -73.284 12.55 49.32 -51.34 
1.4 1.249 -27.751 -74.279 14.50 50.57 -51.53 
1.45 0.416 -28.381 -75.412 15.27 51.55 -51.76 
1.5 -1.874 -30.175 -76.407 17.05 52.70 -51.76 
1.55 -2.313 -29.639 -75.528 17.11 52.24 -52.11 
1.6 -3.123 -30.105 -75.713 17.69 52.55 -52.20 
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1.65 -3.747 -30.245 -75.62 18.08 52.64 -52.36 
1.7 -4.465 -30.384 -75.875 18.57 53.01 -52.66 
1.75 -5.552 -31.107 -75.875 19.32 53.23 -52.64 
1.8 -5.853 -30.664 -76.152 19.49 53.58 -53.20 
1.85 -6.824 -31.946 -76.916 20.37 54.25 -52.91 
1.9 -8.027 -32.458 -78.165 21.35 55.44 -53.44 
1.95 -7.055 -31.736 -76.175 20.36 53.80 -52.98 
2 -8.837 -32.738 -78.419 21.92 55.83 -53.69 
 
TD-FII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 0.509 3.845 7.934 -5.75 -2.13 42.10 
0.1 -0.139 9.157 18.622 -13.19 -4.08 44.74 
0.15 -2.151 13.887 29.98 -20.79 -5.20 44.95 
0.2 -2.521 21.017 44.229 -30.82 -8.13 45.20 
0.25 -4.233 26.819 58.086 -40.27 -10.02 44.90 
0.3 -5.691 31.829 70.253 -48.58 -11.72 44.66 
0.35 -6.153 39.635 86.516 -60.02 -15.03 44.66 
0.4 -6.13 47.814 102.153 -71.12 -18.56 44.90 
0.45 -8.166 53.243 114.344 -79.32 -19.85 45.07 
0.5 -8.305 61.072 128.27 -89.18 -22.87 45.46 
0.55 -10.387 65.243 137.986 -95.61 -23.57 45.56 
0.6 -9.346 72.28 149.806 -104.23 -26.95 45.74 
0.65 -10.664 76.078 157.856 -109.66 -27.82 45.84 
0.7 -11.821 78.967 165.49 -114.81 -28.71 45.69 
0.75 -11.543 83.93 173.286 -120.42 -30.65 45.95 
0.8 -11.705 87.146 178.953 -124.41 -31.79 46.06 
0.85 -12.145 90.268 183.256 -127.39 -32.42 46.38 
0.9 -13.602 91.713 187.443 -130.03 -32.33 46.36 
0.95 -14.504 94.136 190.52 -132.05 -32.34 46.71 
1 -14.874 95.487 193.249 -133.91 -32.69 46.73 
1.05 -16.147 96.396 194.568 -134.58 -32.06 46.95 
1.1 -15.8 98.19 196.511 -136.06 -32.72 47.11 
1.15 -15.453 99.449 197.691 -136.99 -33.21 47.23 
1.2 -14.735 100.52 199.125 -138.17 -34.04 47.23 
1.25 -14.481 101.522 199.587 -138.58 -34.30 47.39 
1.3 -14.065 101.825 199.634 -138.71 -34.60 47.42 
1.35 -13.833 102.268 199.749 -138.86 -34.78 47.49 
1.4 -14.018 102.198 199.148 -138.40 -34.50 47.58 
1.45 -14.944 101.266 198.269 -137.57 -33.65 47.57 
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1.5 -14.319 102.338 198.732 -138.06 -34.17 47.72 
1.55 -14.573 102.711 198.593 -137.93 -33.93 47.87 
1.6 -14.897 102.827 199.379 -138.41 -33.89 47.82 
1.65 -14.319 104.225 200.883 -139.63 -34.62 47.90 
1.7 -14.041 105.274 201.878 -140.41 -35.02 48.00 
1.75 -14.296 105.973 203.057 -141.20 -35.09 48.04 
1.8 -13.625 107.65 205.232 -142.91 -36.05 48.09 
1.85 -13.556 108.21 206.18 -143.60 -36.31 48.09 
1.9 -13.209 109.515 208.262 -145.16 -37.02 48.09 
1.95 -12.954 110.33 208.655 -145.52 -37.26 48.21 
2 -12.977 110.54 209.419 -146.05 -37.43 48.16 
 
TD-FIII, Inner surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 7.055 3.495 4.696 -6.19 -3.82 -13.18 
0.1 12.029 9.6 8.513 -9.59 -7.91 -34.55 
0.15 17.211 15.542 10.919 -13.53 -10.43 -57.57 
0.2 25.284 19.619 11.057 -18.72 -12.24 -50.75 
0.25 27.273 19.317 4.534 -18.85 -8.25 -53.36 
0.3 31.136 19.619 -1.087 -20.28 -5.32 -52.96 
0.35 33.704 17.173 -9.276 -20.25 -0.56 -51.50 
0.4 36.133 15.588 -17.997 -20.15 4.70 -51.77 
0.45 40.459 14.819 -24.96 -21.54 8.34 -51.10 
0.5 41.754 11.581 -35.208 -20.36 14.79 -51.09 
0.55 44.692 9.717 -42.865 -20.71 19.16 -50.69 
0.6 48.416 8.551 -50.082 -21.67 23.09 -50.39 
0.65 52.881 8.435 -54.408 -23.65 24.95 -49.86 
0.7 49.92 2.983 -66.992 -19.33 33.87 -50.57 
0.75 51.863 0.909 -74.811 -19.04 38.59 -50.53 
0.8 55.842 0.769 -79.946 -20.58 41.11 -50.35 
0.85 56.837 -1.282 -86.4 -19.94 45.13 -50.34 
0.9 54.893 -5.383 -95.283 -16.96 51.37 -50.58 
0.95 56.351 -7.06 -100.349 -16.87 54.35 -50.40 
1 59.219 -6.058 -102.385 -18.35 55.12 -50.44 
1.05 58.502 -8.062 -107.52 -16.90 58.66 -50.60 
1.1 59.474 -8.528 -109.903 -17.06 60.01 -50.57 
1.15 59.127 -9.833 -114.228 -16.03 62.96 -50.78 
1.2 60.353 -10.159 -116.172 -16.42 63.97 -50.69 
1.25 59.936 -10.998 -117.583 -15.86 64.97 -50.68 
1.3 59.751 -11.814 -120.636 -15.18 67.05 -50.83 
            APPENDIX H   
~ 187 ~ 
 
1.35 60.214 -11.581 -120.96 -15.43 67.18 -50.86 
1.4 59.636 -11.86 -122.695 -14.78 68.49 -51.09 
1.45 58.479 -11.977 -123.551 -13.94 69.37 -51.36 
1.5 56.004 -14.074 -125.933 -11.88 71.45 -51.47 
1.55 55.703 -14.447 -126.119 -11.64 71.62 -51.43 
1.6 53.552 -15.379 -126.466 -10.21 72.33 -51.59 
1.65 55.217 -12.792 -125.563 -11.61 71.53 -51.95 
1.7 55.402 -11.674 -124.476 -12.01 70.85 -52.13 
1.75 54.13 -12.163 -124.939 -11.14 71.46 -52.28 
1.8 54.986 -11.208 -122.903 -12.06 69.91 -52.17 
1.85 52.349 -12.28 -125.008 -10.07 71.97 -52.59 
1.9 53.691 -11.301 -122.834 -11.30 70.20 -52.38 
1.95 52.488 -10.975 -123.042 -10.60 70.71 -52.74 
2 52.511 -9.67 -121.978 -10.94 70.11 -53.01 
 
TD-FIII, Outer surface 
Depth [mm] 
Strain (e1)  
[1E10-6] 
Strain (e2)  
[1E10-6] 
Strain (e3)  
[1E10-6] 
Min. stress, 
MPa 
Max. stress, 
MPa 
Angle β, ° 
0.05 9.577 10.672 11.566 -9.88 -8.95 47.89 
0.1 11.96 15.076 17.118 -14.18 -11.73 50.88 
0.15 12.492 20.808 19.454 -17.00 -11.46 72.12 
0.2 16.17 29.592 34.352 -27.19 -17.82 57.74 
0.25 15.244 35.278 41.731 -32.31 -18.46 58.57 
0.3 15.73 42.012 58.803 -43.46 -22.95 51.21 
0.35 12.353 47.767 69.536 -50.15 -22.81 51.71 
0.4 8.004 51.006 77.563 -54.74 -21.50 51.65 
0.45 7.264 57.041 87.672 -61.52 -23.07 51.70 
0.5 6.547 63.635 102.431 -71.25 -25.85 50.40 
0.55 0.463 65.755 109.694 -74.96 -23.19 50.53 
0.6 1.804 71.534 120.058 -82.23 -26.35 50.08 
0.65 -2.174 75.076 126.813 -86.11 -24.95 50.59 
0.7 -1.989 79.573 132.318 -90.01 -26.12 51.05 
0.75 -2.73 84.186 143.052 -97.04 -27.99 50.45 
0.8 -4.835 88.078 148.927 -100.72 -27.67 50.89 
0.85 -5.829 90.757 154.641 -104.38 -28.21 50.76 
0.9 -5.968 94.322 160.332 -108.26 -29.28 50.82 
0.95 -7.958 96.35 163.084 -109.84 -28.39 51.19 
1 -9.507 97.678 166.554 -111.87 -28.06 51.14 
1.05 -11.011 99.146 168.867 -113.20 -27.45 51.33 
1.1 -12.237 99.984 170.903 -114.35 -27.03 51.35 
1.15 -12.26 100.823 173.031 -115.75 -27.50 51.22 
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1.2 -12.769 101.779 176.2 -117.74 -27.88 50.99 
1.25 -11.404 103.713 177.912 -119.23 -29.14 51.10 
1.3 -13.139 103.596 174.119 -116.57 -26.86 51.93 
1.35 -15.082 103.083 177.056 -118.01 -26.31 51.48 
1.4 -12.445 105.367 178.144 -119.36 -28.28 51.65 
1.45 -14.203 104.854 179.67 -119.96 -27.47 51.43 
1.5 -13.44 105.25 176.2 -117.99 -27.03 52.07 
1.55 -14.481 104.318 176.432 -117.86 -26.44 51.87 
1.6 -12.677 105.973 177.45 -118.96 -27.85 51.97 
1.65 -13 104.761 177.056 -118.54 -27.64 51.73 
1.7 -13.579 105.81 175.761 -117.76 -26.75 52.32 
1.75 -13.602 105.39 175.969 -117.84 -26.84 52.16 
1.8 -12.237 106.718 175.83 -118.13 -27.64 52.42 
1.85 -12.885 107.441 176.316 -118.41 -27.21 52.61 
1.9 -12.283 108.373 179.717 -120.69 -28.49 52.20 
1.95 -12.214 108.466 180.85 -121.41 -28.85 52.02 
2 -10.363 110.633 182.215 -122.80 -30.33 52.20 
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Appendix I: Variation trends between the characteristics investigated in the plate and 
stretch-bent samples  
 
Figure 1: Variation trend of Charpy energy absorbed at 20°C and the maximum relieved 
residual stress in the outer curved section of stretch-bent samples at different levels of 
forming
 
Figure 2: Variation trend of the Charpy energy absorbed at -5°C and the maximum relieved 
residual stress in the outer curved section of stretch-bent samples at different levels of 
forming 
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Figure 3: Variation trend of Charpy energy absorbed at 20°C and the maximum relieved 
residual stress in the inner curved section of stretch-bent samples at different levels of forming 
 
Figure 4: Variation trend of Charpy energy absorbed at -5°C and the maximum relieved 
residual stress in the inner curved sections of stretch-bent samples at different levels of 
forming 
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Figure 5: correlation between the measured strain, the average energy absorbed, 
microhardness and the relieved residual stress for TD samples 
 
Figure 6: correlation between the measured strain, the average energy absorbed, 
microhardness and the relieved residual stress for 45°D samples 
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